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Preface
3D- printing technology is rapidly advancing and being used in many emerging areas such as energy 
and biomedical. The availability of many different 3D- printing technologies allows for fast proto-
type devices with much- reduced cost. They can be used to print electrodes, energy generation and 
storage devices, sensors, and devices for biomedical applications. They can print complex 3D 
devices and can be modified without changing the manufacturing process. However, there are still 
many challenges and shortcomings which need to be overcome to use this technology on a com-
mercial scale.

The main purpose of this book is to provide fundamentals of 3D- printing technologies, current 
state- of- the- art knowledge, and their emerging applications in many important sectors such as 
energy, biomedical, and sensors. This book provides current challenges and possible solutions 
in 3D- printing technologies for advanced applications. This book covers the fundamentals of   
3D- printing technologies for batteries, supercapacitors, fuel cells, sensors, biomedical, and other 
emerging applications. All the chapters are covered by experts in these areas around the world 
making this a suitable textbook for students and providing new guidelines to researchers and indus-
tries working in energy, biomedical, materials, and nanotechnology.
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1.1  WHAT IS ADDITIVE MANUFACTURING?

In its essence, Additive Manufacturing (AM) refers to a group of technologies that can manufacture 
end- use parts directly by progressively adding material, layer upon layer. This sets it apart from 
subtractive manufacturing techniques, such as machining, where the material is removed or forming 
processes that reshape material. In both cases, some form of tooling is always required, whereas 
with AM parts are produced directly and no tooling is required. Several unique benefits arise on 
this basis, offering great potential to the manufacturing world. Complex topologies, with internal 
features and overhangs, which would be prohibitive to manufacture via conventional means, can 
be produced directly. Moving parts and fasteners can be integrated into a single design, reducing 
the need for downstream assembly. Short production runs become economically viable, allowing 
products and designs to be customized to a user. Numerous other opportunities and advantages also 
exist in a similar vein.

 

 

 

 

 

 

 

 
newgenprepdf

http://dx.doi.org/10.1201/9781003296676-1


2 3D Printing: Fundamentals to Emerging Applications

Beyond sharing the common principle of material addition, the field of AM contains a diverse 
group of processes capable of manufacturing all classes of material, including metals, polymers, 
ceramics, composites, and even biological matter. The different types of AM processes can broadly 
be divided into seven categories, which will be described in more detail in later sections. In the 
following section, we will examine the overall approach involved in producing a part with AM, 
from raw material to end product. This process chain sits independent of the specific AM method 
employed.

1.2  THE ADDITIVE MANUFACTURING PROCESS CHAIN

Although AM is sometimes described as a ‘one- step production technique’, there are in fact sev-
eral steps involved in taking an object from a design concept to an end- user component. Regardless 
of the AM technique, many other operations are typically required before and after the manufac-
turing process itself. Therefore, these steps can intuitively be grouped into three stages: (a) The 
pre- processing stage (i.e., activities that happen before manufacture), (b) The AM process, and 
(c) The post- processing stage (i.e., finishing operations that take place after the part has been made). 
AM can therefore be thought of as a process chain. Many of the required pre- processing steps are 
common to all AM techniques, whereas the post- processing steps required tend to be more specific 
to each AM process.

1.2.1  Pre- Processing

We shall now approach the AM process chain from the beginning, where one may have a particular 
component in mind that they wish to 3D print. The first step here would be to create a 3D computer- 
aided design (CAD) model of the part; this is a requirement of all AM processes. This can either be 
done natively in a CAD software package or by 3D scanning a physical artifact. The latter may be 
useful in legacy part production or medical settings, where parts are customized to fit a particular 
patient. The CAD model must then be exported as a surface mesh to be loaded into the build prep-
aration software, independent of any CAD package used. By far the most common format used 
here is the .stl file, in which the surface of the part is expressed as a tessellation of triangles. Various 
other file formats have been proposed at different stages, but the .stl remains the de- facto standard. 
Sometimes, .stl files may require repair operations if they contain defects, such as surface voids or 
bad aspect ratio triangles. If this is the case, then dedicated repair software is generally required.

Following this, the surface mesh is then read into build preparation software. The purpose of the 
build preparation stage is to generate the tool path, or G- code, for the 3D printer to build the part. 
The surface mesh will first be sliced into several 2D layers and then the tool path will be created for 
each layer, encoding the various printing parameters used at each point. Each printer manufacturer 
therefore typically has its build preparation software and build files are not transferrable between 
different AM systems. As it is software- heavy, the preprocessing stage may also be referred to as 
the ‘digital phase’.

1.2.2  Manufacturing

During the manufacturing stage, the part is physically built up by one of the AM processes. Typically, 
some form of alignment or calibration between the 3D printer and the substrate is performed manu-
ally before starting the job, depending on the technique in question. Raw materials, or feedstock, 
must also be supplied to the 3D printer and these can vary widely in form depending on the material 
and process technique used. Powder and wire or filament are the two most common forms of feed-
stock, particularly when working with metals or polymers. Beyond this, sheets, liquids, and inks are 
also used.
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Most of the techniques are then automated during the manufacturing process, such that they 
require little to no human intervention. As such, errors or malfunction can often go undetected, and 
automating failure detection forms one of the great challenges in the field today. Following comple-
tion of the build, the part is removed from the 3D printer before any post- processing operations are 
applied. Removal of the part from the 3D printer can be non- trivial, for example with powder- bed 
processes where substantial powder cleaning and removal are required.

1.2.3  Post- Processing

Once the part is removed from the 3D printer, various post- processing operations may be applied 
depending on which AM technique was used. These finishing operations are designed to ensure the 
part has suitable structure and properties for its intended function. Firstly, parts produced via any 
AM technique that necessitates support structures to be used will first require these to be removed. 
This is commonly achieved by either dissolving the supports in a chemical solution or mechanically 
removing them, by pulling or machining. This step can be difficult and time- consuming. Metal parts, 
produced either via Directed Energy Deposition (DED) or Powder Bed Fusion (PBF), often undergo 
a heat treatment process to reduce residual stresses and achieve their intended microstructural state. 
Hot Isostatic Pressing (HIP) can also be used to eliminate any porosity or processing defects in 
the part under high heat and pressure. Polymer components may undergo chemical- based surface 
treatment to enhance the quality of the surface finish or ensure water tightness. Finally, in the case 
of binder jetting, the part obtained directly after manufacture is just an intermediate or ‘green’ part 
that requires sintering in a furnace post- manufacture to achieve full density. In this case, the post- 
processing steps may be considered an integral part of the manufacturing process. In all, a suite of 
different finishing operations may be applied to 3D- printed parts depending on the material, manu-
facturing method, and intended application.

1.3  AM PROCESS CATEGORIES

In the following section, we will describe each of the different AM processes, categorized in terms 
of their processing methodology. Some of the advantages and disadvantages of each technique will 
be discussed, as well as identifying their key commercial suppliers. As will become clear, different 
material classes, such as polymers and metals, can be processed by the same technique. The cat-
egories used here follow the taxonomy defined by the ISO/  ASTM standard [1].

1.3.1  Binder Jetting

Binder Jetting (BJT) is actually a two- step manufacturing process. In the first stage, printheads 
are used to selectively jet droplets of a binder compound onto a thin layer of powder, in a similar 
fashion to classical inkjet printing. The build platform then lowers by one layer thickness and a new 
layer of powder is spread on top, onto which another layer of binder is jetted. This weakly bonds 
the powder particles and, after many layers, a so- called ‘green’ part is produced. The green part is 
highly porous and low in strength. At the end of the 3D- printing process, the part is surrounded by 
unbound powder which must be removed before post- processing. A schematic of the printing phase 
of the BJT process is presented in Figure 1.1.

After printing, the green part must undergo post- processing to achieve full density and intended  
material properties. For metals and ceramics, this is done by sintering. The green part is held at a  
high temperature in a furnace causing the binder to melt off and the powder particles to fuse, produ-
cing a fully dense part. Alternatively, full density can be achieved via an infiltration process. A liquid  
material, such as epoxy resin, is used to infiltrate the voids in the green part, before solidifying and  
forming a dense part. Infiltration is typically used when processing polymers. The final variation of  
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BJT requires no post- processing. Here, a thermally activated liquid compound is jetted during step  
one and the print head is surrounded by heat lamps, fully melting the powder particles in- situ and  
producing a dense part. Consequently, this type of process is called high- speed sintering (HSS). As  
the jetted compound is not a binder, it could be argued that the HSS process sits somewhere between  
BJT and powder bed fusion (PBF).

FIGURE 1.1 A schematic of the printing phase of the Binder Jetting (BJT) process, depicting (a) the processing 
equipment and methodology, including powder removal at the end of the process, and (b) The bonding of 
powder particles with the liquid binding agent. Figure reproduced with permission [2]. Copyright: The Authors, 
some rights reserved; exclusive licensee CRC Press, LLC. Distributed under a Creative Commons Attribution 
License 4.0 (CC BY 4.0).
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The BJT process can be used to process various classes of metals and non- metals, boasting 
arguably the broadest range of material choices of all the AM processes [3]. Regardless of the 
material, the feedstock must be supplied in a finely powdered form. One unique application of non- 
metal BJT is the 3D printing of sand to manufacture molds for metal casting. Both synthetic and 
organic sands can be process processed and this technology is sometimes described as ‘digital sand 
casting’. Intricate mold shapes can be produced at low cost using BJT and new mold designs can 
rapidly be iterated. Similarly, ceramic powders can also be processed by BJT. These include hard, 
tooling ceramics, such as tungsten carbide, glasses, and alumina compounds. Polymer parts can be 
manufactured from certain compounds, primarily general- purpose materials such as polyamide (PA) 
and polypropylene (PP). Some of the non- metal feedstocks, such as sand, can be processed exclu-
sively by BJT and are not suitable for any other AM process.

On the metals side, a wide range of alloys are available compared with other metal AM systems 
and processes, though still relatively few compared with conventional manufacturing processes. 
Ductile austenitic steels, low alloy and martensitic steels, aluminum, tungsten, titanium, and nickel 
alloys are all commercially available as powder feedstocks. Metals are processed at low temperatures 
during BJT. Therefore, unlike other metal AM processes, some of the materials challenges associated 
with rapid heat and cooling cycles, such as solidification cracking or chemical segregation, which 
affect printability, are negated. For the same reasons, minimal residual stresses are also induced 
in parts.

The ambient temperature printing principle of BJT gives rise to a few other advantages. Support 
structures are not required since residual stresses and warping are not an issue. Systems are rela-
tively low in cost compared to laser- based processes and are also safer, thus they can be housed in 
office or home environments. Relatively large parts, in terms of AM, on the order of a meter in scale 
can be processed by BJT, particularly with the sand systems. The printing process is also relatively 
fast in comparison with raster scanning methods, as printheads can cover large areas with a binder 
quickly. On the other hand, although the printing process itself is low energy and low cost, one must 
potentially purchase a furnace, offsetting the low cost of the printer. The process inherently involves 
two steps and the post- processing requirements may be viewed as a disadvantage. Parts can often 
suffer from shrinkage and warping during the sintering phase. Post- sinter consolidation and density 
are also not guaranteed.

The original commercial exponents of BJT systems were ExOne, however, they have since been 
bought out by a younger competitor, Desktop Metal. Today, sand systems continue to be sold under 
the ExOne moniker whereas the ceramic and metal systems are sold under the Desktop Metal brand. 
Competition is provided by HP and Voxeljet. These two systems are the primary options for polymer 
binder jetting and HSS and they also produce systems capable of printing color into parts.

1.3.2  directed energy dePosition

Directed Energy Deposition (DED) processes employ a high- power energy source to melt and 
deposit feedstock material, which is continuously and locally fed into the line of the energy source. 
Both the energy source and the feedstock supply move with many degrees of freedom on a robotic 
arm to build up a part onto a substrate. The building substrate itself may also be traversed or rotated 
to create certain geometries, depending on the process. Beyond this, however, the form of both 
the energy source and the feedstock material can vary. Generally, feedstock materials fall into two 
classes, wire or filament, known as Wire- DED, or powder, blown locally into the melt, known as 
Powder- DED. The energy source is usually a high- power laser or an electrical arc, widely used 
in welding processes. As such, DED processes can essentially be thought of as ‘3D multi- pass 
welding’. The wire- fed, laser DED process is illustrated in Figure 1.2.

The DED process which utilizes a wire feed and an electrical arc to melt it is popularly known  
as wire arc additive manufacturing (WAAM). Several smaller companies offer this technology  
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commercially. The laser- driven, blown powder DED systems manufactured by Trumpf are branded  
as Laser Metal Deposition (LMD). These are the most established commercial DED systems in the  
market. As is also common in welding processes, an inert gas is used locally to shield the weld from  
the air and prevent the oxidation that would occur in metals at high temperatures. Although inert gas  
is commonly supplied locally at the energy source, some DED systems are also housed inside the  
large inert chamber when the lowest possible oxygen concentration is required. This imposes space  
constraints, restricting the size of a part that can be fabricated, whilst also being costly in terms of  
gas consumption.

DED processes are used exclusively to process metals. However, they enjoy a slightly broader 
range of alloys that can routinely be processed in comparison to PBF. High- performance nickel 
alloys, lightweight aerospace aluminum and titanium alloys, low- alloy structural steels, and mar-
tensitic steels are all commercially available as DED feedstocks. Beyond this, more novel material 
systems such as high entropy alloys [5], duplex stainless steels [6] and refractory metal alloys [7] 
have been processed in academic settings. When processed by DED, these alloys may exhibit dras-
tically different microstructures and mechanical properties than their wrought counterparts, how-
ever, due to the rapid and cyclic heating and cooling [8]. This generates very large residual stresses, 
and it can be difficult to obtain a material’s desired microstructural state in the as- built condition. 
Post- process heat treatments are therefore often required.

One of the unique advantages of DED is that it can be performed in an open environment and 
with a large robotic arm, enabling large components to be fabricated, such as pressure vessels and 
walls. Such components would be impossible to make by any other metal AM process. For the 
same reasons, DED is also uniquely suited to repair operations and several case studies have been 
published demonstrating the repair of turbine blades and other high- integrity metal parts with DED 
[9]. Despite this, the size of DED systems can act as a drawback. The diameter of the weld pool 
is substantially greater than that found in PBF, and the control and precision of the energy source 
are inferior. The resolution with which parts can be produced is, therefore, lower than PBF and 
parts often tend to have a poor surface finish. As a result, DED systems are rarely employed to 

FIGURE 1.2 A schematic depicting a wire- fed DED process using a laser energy source. The processing head 
would move in or out of the page to deposit an adjacent track of material. Tracks are deposited with left and 
right traversal. Figure adapted with permission [4]. Copyright: The Authors, some rights reserved; exclusive 
licensee CRC Press, LLC. Distributed under a Creative Commons Attribution License 4.0 (CC BY 4.0).
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manufacture intricate components. This demonstrates the importance of choosing the correct AM 
process for a given job.

1.3.3  Material extrusion

The Material Extrusion (MEX) processes represent one of the simplest methods of producing AM 
parts. Here, a wire or filament is extruded through a heated nozzle to deposit layers of material. 
The nozzle traverses inside the build volume on a frame to deposit tracks of material selectively on 
each layer and produce a component at the net shape. By this virtue, overhanging features in parts 
will usually require support structures to be built when manufacturing via MEX, to stop the newly 
deposited, soft material from sinking over the void below. A schematic of the process is presented 
in Figure 1.3.

It is the polymer MEX process that is perhaps most synonymous with the term ‘3D printing’ and 
simple, low- cost versions of these machines are widely available. They often can fit on a desktop or 
a table in the home. These entry- level systems can quickly and cheaply produce a 3D plastic model 
or part and are well- suited for rapid prototyping and hobbyists where the quality and integrity of 
parts are not a primary concern. Often, the parts produced by these systems are not of sufficient 
quality to be sold as an end- use product. They may have poorer geometric accuracy than the CAD 
model or contain porosity and other defects and therefore lack durability. Some of the more high- 
end desktop printers, however, can produce quality parts. Higher quality, industrial- grade systems 
also exist for producing functional components and in this context, the process is sometimes known 
as fused deposition modeling (FDM) and fused filament fabrication (FFF). These systems are also 
generally much larger in build volume, allowing larger parts to be manufactured. Here, the depos-
ition nozzle will be controlled more finely enabling more precise and accurate material extrusion 
and part quality. The Stratasys FDM system is probably the most famous example in this area.

A wide range of different thermoplastic polymers is available to be processed by MEX, including  
acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polyamide/  Nylon (PA), and polyether  

FIGURE 1.3 A schematic of the Material Extrusion (MEX) process, using a single filament of material [10]. 
In some cases, the second filament of a different material may also be used. Figure reproduced with permission 
[10]. Copyright 2019, Emerald Publishing Limited all rights reserved.
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ketones (PEEK). Proprietary AM grades have also been developed by some suppliers to offer greater  
strength and thermal resistance than existing polymers. Therefore, as a process, it probably offers  
the widest choice of polymer materials out of all the AM techniques. Several MEX systems are  
equipped with more than one deposition nozzle, allowing multiple materials to be extruded in a  
single build. Hence, parts composed of more than one material can easily be built. Taking advantage 
of this, some material suppliers offer a water- soluble polymer filament that can be used for the  
manufacture of support structures. Parts can then simply be soaked in water afterward to remove  
the supports.

Aside from polymers, almost every other type of material beyond polymers can also be processed 
by MX so long as they are mixed with an extrudable liquid or polymer compound, thanks to the 
simplicity of the process. One can source polymer filament containing various types of wood fibers, 
ceramic powders, carbon fibers, and polymer fibers. Therefore, these types of materials would tech-
nically be classed as composites, though they may be described as ‘wood printing’ or ‘ceramic 
printing’ for example. Similarly, MEX processes can also be used for bioprinting, whereby cells, 
molecules, or other organic biomaterials are suspended in hydrogels and then extruded into shape 
[11]. The emergence of the bioprinting space is one of the most recent developments for MEX 
technology.

The final class of materials to be mentioned is metals. These are rarely processed by MEX, 
DED and PBF are by far the most common, though some options do exist. In this case, parts are 
not manufactured directly in a single step. A second, sintering phase is required. Powdered metal 
is mixed with a polymer binder and extruded in layers, as per polymer MEX, to produce a green 
part. The green part is then washed to remove some of the binders, leaving a porous and weakly 
bonded component. This is termed a ‘brown’ part in sintering terminology. The brown part is placed 
in a furnace close to its melting temperature to sinter and form a dense part. Significant shrinkage 
may occur during sintering which can often lead to poor geometric accuracy. The final dense parts 
may also still contain a degree of porosity, reducing their toughness and durability. However, metal 
MEX systems come at a fraction of the cost of DED and PBF systems and part production is also 
less expensive. They are therefore excellent for metal prototyping. In this way, metal MEX systems 
share some advantages with BJT systems. Desktop Metal and Markforged are the two primary com-
mercial providers of metal MEX technology, with Desktop Metal operating in both the MEX and 
BJT spaces.

1.3.4  Material Jetting

In Material Jetting (MJT), droplets of photocurable polymer are jetted directly from a printhead 
onto a substrate to produce a component. Ultraviolet (UV) curing lamps are attached directly to the 
printhead, curing the layer of polymer immediately in situ. The substrate then moves down by one 
layer and the subsequent layer is jetted and cured onto the top surface. This procedure is illustrated 
in Figure 1.4. In contrast with BJT, no powder or binding agents are involved in MJT and the build 
material is deposited directly by the printhead. In some setups, the print head may contain a second, 
water- soluble polymer for printing support structures. This can easily be dissolved in water after the 
build, simplifying the removal process.

Exclusively polymers are processed by MJT since they must be jettable and photocurable. Hence,  
the feedstock is supplied in a liquid form. Different grades of polymer are available, enabling a  
range of material properties to be achieved. Highly flexible, rubber- like polymers are commercially  
available, which is unique to MJT. However, compared with the other AM processes, the range of  
materials available for MJT is narrow. Despite this, a full range of colors, including transparency,  
can be 3D printed, with detailed variation across the surface of the part. MJT excels in this area,  
making it well suited for prototyping and producing customized designs for consumer products.  
Accurate and intricate parts can be produced with an excellent surface finished, owing to the precise  
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and accurate nature of print head technology, which has been developed over decades for conven-
tional printing. Support structures are usually required, however, offsetting this somewhat. The main  
commercial providers of MJT technology are Stratasys, with their PolyJet line of systems. This was  
one of the earliest printing systems on the market.

1.3.5  Powder Bed fusion

In PBF, a high- powered energy source, typically a laser or electron beam, is used to selectively melt 
and fuse a thin layer of powdered material. First, a powder recoating mechanism, such as a roller 
or wiper blade, will coat a layer of powdered feedstock over a flat substrate –  onto which the part 
will be built. The heat source will trace out and raster scan over the first 2D slice of the part. After 
this, the build platform will lower by one layer thickness and the recoating mechanism will wipe a 
fresh layer of powder on top before the second layer is melted. This process is repeated, layer by 
layer, until the part is built. The build process is depicted in a schematic in Figure 1.5. As the entire 
substrate must be coated with powder in each layer, the part is effectively buried at the end of the 
build and the excess powder must be removed before the part can be taken out of the printer. The 
excess powder is usually recyclable. The PBF process shares some similarities with DED, as both 
processes fully melt and weld metals. However, PBF processing takes place on a finer length scale, 
with a smaller molten pool and faster scanning speeds.

PBF is among the most popular and developed AM processes and is widely used to process both  
polymers and metals in an industrial setting. When processing polymers, the process is also often  
referred to as selective laser sintering (SLS). Most commonly, a high- power laser is used as the  
heat source for melting and this particular subset is sometimes designated laser- PBF or LPBF. Less  
commonly, an electron beam can also be used for melting metal feedstock, most notably the GE  
Additive system often termed electron beam melting (EBM). Interestingly, support structures are  
generally required when building metal PBF parts whereas, for polymers, they are not. The function  
of the support structures in metal processing is to anchor the part to the base plate and prevent  

FIGURE 1.4 A schematic of the Material Jetting (MJT) process. In this case, supporting material is being 
deposited alongside the main building material. Figure reproduced with permission [12]. Copyright 2019, 
Elsevier.
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warping under the severe thermal stresses that are formed, as well as provide a path for heat conduc-
tion to prevent the part from overheating. When processing polymers, the temperatures involved  
are lower and thus thermal expansions are less severe. Due to the chemistry of the polymers used  
in processing, the whole part can be held at a relatively homogenous temperature during the entire  
build, so support structures are not necessary. The surrounding powder provides natural support to  
overhanging surfaces. As a result, additional parts can also be stacked vertically in the build volume  
and higher machine productivity can be achieved. When processing metals, multiple parts can gen-
erally only be nested along the substrate owing to the supports.

Regardless of whether metals or polymers are being processed, the feedstock material supplied 
to the printer is a very fine powder, typically tens of microns in diameter. This gives PBF parts a 
characteristically rough, grainy surface finish. The production of such finely powdered metal feed-
stock via gas atomization is complex and energy intensive and is, therefore, the subject of research 
and development. The palette of materials readily available for processing is relatively limited, in 
both metals and polymers, though again the expansion of this is a topic of much ongoing academic 
research. The most common alloys used in metal PBF are stainless steel grade 316L, Ti- 6Al- 4V, Al- 
Si- 10Mg, and Inconel alloys 625 and 718. All these alloys can easily be processed by PBF by using 
the manufacturer’s recommended parameters. Beyond these, and a few more, the user would likely 
have to develop their processing parameters to build high- quality parts. In terms of polymers, the 
most common materials are PA 11 and 12, different PEEKs, and polypropylene (PP), comparable to 
those available for polymer BJT. These general- purpose materials enable the manufacturing of many 
everyday, functional plastic components for end- use.

Given the spot size of the laser and the precise control of the galvo scanners, PBF parts typically 
have excellent resolution. Fine details and lattice structures can be manufactured. Good mechan-
ical properties can also be achieved, making parts suitable for end- use applications. However, the 
geometric accuracy, microstructure, and surface finish of metal PBF parts still often render them 
unsuitable for demanding, safety- critical applications. Systems can also be expensive, both to pur-
chase and to run, and the process is fairly slow compared to other AM methods. Commercially, the 
PBF systems market is highly competitive and growing rapidly. Several new manufacturers have 
emerged, attempting to usurp the established companies. EOS Gmbh, GE Additive, 3D Systems, and 
SLM Solutions are among the most established suppliers, commanding the greatest market share.

FIGURE 1.5 A schematic of the Powder Bed Fusion (PBF) process [4] using a laser of the energy source. 
Here, a wiper blade is used to spread a thin layer of powder before melting. Figure adapted with permission 
[4]. Copyright: The Authors, some rights reserved; exclusive licensee CRC Press, LLC. Distributed under a 
Creative Commons Attribution License 4.0 (CC BY 4.0).
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1.3.6  sheet laMination

Sheet Lamination (SHL) is among the least used of the AM processes. As the name suggests, the 
basic principle of SHL is to join together successive premanufactured sheets of material. Therefore, 
in this case, the feedstock is supplied as a thin sheet of the chosen material. Beyond this common 
principle, several different joining methods are used to produce different classes of material.

The original SHL process, developed in the mid- 1990s by Helisys Inc., was known as Laminated 
Object Manufacturing (LOM). This process used a heated roller to bond successive sheets of 
adhesive- backed paper into a 3D stack. After each layer was bonded, a laser would trace out the out-
line of the layer of the part being manufactured to cut away the excess paper sheet. Layer by layer, 
a glued 3D paper part is produced. Helisys ceased operating several years ago and other paper LOM 
processes based on this principle followed, with the capability to print color into parts later added. 
At the time of writing, no commercially produced system for paper LOM is available on the market.

Aside from paper, SHL has most frequently been used in industry to produce metallic parts. Here, 
thin sheets of metal are bonded together through ultrasonic vibration before the part is machined 
down to its net shape. This subset of SHL can be referred to as Ultrasonic Additive Manufacturing 
(UAM). Ultrasonic transducers, attached to a sonotrode, traverse the newly applied layer causing it 
to vibrate at a high frequency and bond to the surface below through plastic deformation. Machining 
to the net shape may happen after each layer or at the end. A schematic of the UAM process is shown 
in Figure 1.6.

Metal parts are manufactured at low temperatures by SHL. Internal features can also be 
created during the build since there is no surrounding powder feedstock. Combined with the low 
temperatures, this enables electronics and other components to be embedded within parts [13]. It is 
also relatively easy to change materials in each layer, so UAM is a good method to produce multi- 
material components. Joining dissimilar metals at low temperatures can deliver a favorable micro-
structure compared with conventional high- temperature welding processes, as well as lower residual 
stresses. Several alloys can be processed, including stainless steel, aluminum, copper, and titanium 
alloys. Large components can also be built easily, relative to PBF for example, as the process takes 
place in the open and large sheets of material can be joined.

1.3.7  Vat PhotoPolyMerization

Vat Photopolymerization (VPP) processes utilize a photocurable liquid resin and a UV light source 
to manufacture polymer components. The most famous VPP process, and arguably the first ever AM 
process, is stereolithography (SLA). During SLA, a UV light source will raster scan a 2D slice of a 
component at the top surface of a vat of liquid photocurable resin. This will therefore solidify and 
fuse the first layer of the part. The part is then drawn out of the vat by a distance equal to the layer 
thickness in the process. This procedure is then repeated, solidifying the second layer and fusing 
it to the first –  and so on –  until the part is complete. Several developments to speed up the SLA 
process have been made since the first generation of systems arrived, giving rise to derivative VPP 
processes. A high- powered digital UV light projector has been employed to flash the whole area of 
a layer in the vat in one go, as opposed to raster scanning. This is usually referred to as Digital Light 
Projection (DLP). Schematics of both classical SLA and DLP are presented in Figure 1.7. Most 
recently, a 3D hologram of the part has been projected into the vat to produce the part rapidly in a 
single exposure [14]. Each of these methods is built around the same principle, however.

Whilst the available materials for processing via VPP are restricted to photocurable polymer  
liquid resins, several different grades are available including hard and soft plastics and resins mixed  
with non- polymers to achieve enhanced mechanical properties, similarly to the MEX filament  
palette. Ceramic reinforced composite resins help to promote heat resistance and fiber reinforced  
composites improve strength. Specific biocompatible resin grades are available for manufacturing  
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FIGURE 1.6 A schematic showing the different elements of metal SHL manufacture [13]. An ultrasonic 
transducer is attached to a sonotrode (top), which traverses over the metal sheet causing it to vibrate under 
force (middle). Successive sheets are joined in this fashion (bottom). Figure reproduced with permission [13].
Copyright: The Authors, some rights reserved; exclusive licensee CRC Press, LLC. Distributed under a Creative 
Commons Attribution License 4.0 (CC BY 4.0).
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dental and medical devices. It is relatively difficult to process multiple materials in a single build by  
VPP as the liquid feedstock must always be contained inside the vat.

As they are produced from liquid feedstock, VPP parts typically have the best surface finish and 
dimensional accuracy of all the AM methods. VPP is, therefore, a good choice in complex and intri-
cate applications and is often used to manufacture dental and medical devices. The build process is 
also relatively fast compared with other AM processes, particularly with the later generation VPP 
systems, such as DLP. This makes it also well suited to rapid prototyping. The chief drawback of 
VPP systems stems from the material palette. The resins processed by VPP have routinely exhibited 
poor mechanical properties, though this is being addressed as bespoke new resins are developed.

1.4  CURRENT DEVELOPMENTS: POTENTIAL AND CHALLENGES

In the following section, contemporary developments in the field of AM will be discussed in the 
context of potential opportunities for the technology and new challenges being faced.

1.4.1  size and ProductiVity

Initially, it was thought that 3D printing technologies would only be economically viable for manu-
facturing one- off parts or very short production runs. Indeed, this is one mentioned as one of the 
advantages of AM. However, it was later shown that given suitable improvements to machine 
productivity, AM had the potential to compete on cost with processes such as injection molding at 
relatively high production volumes [16]. With this idea in mind, one angle of development which 
has been consistently followed by machine manufacturers since the emergence of AM into end- 
use manufacturing has been the drive to increase the scale and productivity of machines. These 

FIGURE 1.7 A schematic demonstrating two different types of VPP process [15], (a) stereolithography 
(SLA), and (b) digital light projection (DLP). Note that the process can take place from the top down, as in (a), 
or inverted, as in (b). Figure reproduced with permission [15]. Copyright 2014, American Chemical Society.
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developments come primarily in two flavors, improving the productivity of the 3D printing process 
and expanding the size of the build volume, and hence, the machine.

Systems with ever larger build volumes have been released by manufacturers across the different 
AM process categories. This enables larger- sized parts to be manufactured as well as fitting more 
parts into a single build, increasing productivity. This is particularly important for those processes 
with heavily constrained build volumes, such as PBF. One example here is the BigRep Pro FDM 
system released by BigRep Gmbh, which offers a build volume of one cubic meter with a trad-
itional FDM setup. In a non- commercial setting, a custom system developed at Oak Ridge National 
Laboratory is probably the largest conventional AM system presented to date, with a build volume 
of 4m × 2m × 2.4m. Systems such as these offer the possibility to 3D print products far larger than 
previously thought by AM, as demonstrated in the case of studies with chairs [17], bicycles, or 
automobiles. However, new challenges are encountered alongside this potential. As we approach 
the meter scale, the production economics of printing begin to differ. Material consumption and 
printing time can vary widely. It will become crucial to optimize part design, processing parameters, 
and build setup as cost savings are amplified. These are challenges for design and production engin-
eers and further research will be needed as ever larger systems begin to emerge in greater numbers.

The other approach has been to increase productivity, or time efficiency, during printing. 
Such improvements may be essential to keep build durations in check as systems increase in 
scale. Melting meters of powder with a single laser scanner would likely prove prohibitive in 
terms of time. To this end, SLM Solutions Gmbh have recently released their flagship NXG XII 
600 PBF system, boasting 12 1kW lasers and a 60cm × 60cm × 60cm build volume. The pro-
cess here is identical to regular, single- laser PBF, except multiple lasers are scanning on each 
layer to speed up the melting process. Almost all other commercial PBF system manufacturers 
have likewise released multi- laser machines. In other cases, the build process has been altered 
more fundamentally in pursuit of enhanced productivity. An example here is the development 
of a volumetric SLA- type process, based on 3D holographic light projection, at Lawrence 
Livermore National Laboratory (LLNL). Here, three patterned light fields are projected into 
the vat of photopolymeric resin at orthogonal angles. At the intersection of the three projects, a 
‘hologram’ of the part is formed, curing the resin in a single step in seconds [14]. In doing so, 
the layerwise paradigm of AM is bypassed entirely.

Nonetheless, additional complexities are introduced by such innovations. The introduction of 
multiple lasers poses questions about scanning strategies and how the lasers might interact and 
overlap during scanning. Porosity generation and residual stress distributions in parts are likely to 
be influenced by new scanning modes [18], [19]. Melting such vast quantities of material will also 
create challenges in the ancillary elements of processing. More complex gas flow arrangements will 
be required to cope with multiple sites of soot and spatter emission in multi- laser machines. Greater 
quantities of soot and process emissions will be generated, necessitating greater filtration of the pro-
cessing atmosphere.

1.4.2  design considerations

AM offers the potential for unparalleled geometric freedom in parts. However, for this potential to 
be realized we must first be capable of designing topologically complex components with enhanced 
functionality over existing designs. As such, the field of ‘topological optimization’ has emerged 
with the advent of AM. Here, research is conducted into designing optimal structures to save weight, 
integrate assemblies or improve part performance based on a set of design constraints [20]. The 
design of porous, lattice structures forms a major feature of this work and these are of particular 
interest in the field of biomechanics. The porous nature of such structures is ideal to promote bone 
growth [21] and their stiffness can be tailored to mimic the behavior of bone [22]. Architected hier-
archical metamaterials have also been presented, whereby different arrangements of periodic lattice 
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structures can be arranged to enable programmable material deformation and failure [23]. A major 
challenge of this work is rooted in software, given the tools to mathematically represent, then per-
form simulations with such structures that did not previously exist. Parametric design software has 
emerged and has been adapted accordingly. Lattice- specific build preparation software has also been 
developed to produce optimal tool paths for lattice manufacture, as different processing strategies 
for bulk material are required.

Another avenue of great potential in the design of AM components is functionally graded 
materials (FGM) or structures (FGS). FGM and FGS exhibit variation, or grading, in their structure 
and/  or properties throughout their expanse. This variation can be programmed inherently into the 
design of the part or during the build setup stage, by altering the processing parameters to be used 
at different points in the part. For example, the periodic unit cells of lattice structures can be altered 
and arranged throughout a component to lead to different deformation behavior in different regions. 
The composition of the feedstock material can also be adjusted during the process to change the 
properties of the part in different regions. This is particularly straightforward during PBF and MEX 
processes when more than one feedstock material can easily be used. Finally, the microstructure in 
metallic components can be manipulated during manufacture by altering the processing parameters. 
A method to program and spatially vary the crystallographic grain orientation in PBF specimens by 
changing the angle of laser scanning has been presented in academic literature [24]. The same group 
also demonstrated the influence of crystallographic grain orientation on material hardness in the 
same alloy [25], presenting a pathway to tailoring material properties in PBF components.

As with any manufacturing process, manufacturing constraints must also be considered when 
designing components to be produced by AM. This has given rise to the term ‘Design for Additive 
Manufacturing’, or DfAM, born out of the original ‘Design for Manufacturing’. Although many of 
the design constraints associated with traditional manufacturing processes are indeed removed by 
AM, several new considerations are introduced. The orientation in which a part is built with respect 
to the build direction can substantially affect its surface finish, residual stress, and microstructure 
and must be carefully considered during part design. Powder removal must also be considered for 
powder- based processes. Warpage of parts can also cause issues and some academic groups have 
simulated deformations before manufacture and compensated the design accordingly. A lack of 
knowledge of how to optimize part designs for AM remains an issue that plagues the field [26].

1.4.3  Materials

A good deal of research activity has also focused on the feedstock materials available for AM. This 
is a particularly fruitful area of development in the field of metals, where the first generation of 
alloys available was highly restrictive compared to that which is available for other manufacturing 
processes. Initially, conventional weldable alloys were ported over to AM and were largely all that 
was available. Several researchers have studied the adaptation of existing alloys to enhance their 
printability. Minor tweaks in composition have often resulted in drastic improvements in print-
ability, mitigating cracking and porosity [27]– [29].

The rapid heating and cooling inherent in processing metals by PBF and DED techniques have 
also enabled new material systems to be created. A relatively new class of alloys has emerged as 
a promising candidate for AM, named High Entropy Alloys (HEA). These alloys tend to have 
roughly equal proportions to each constituent alloying element. Although they emerged academ-
ically in the 1980s, they were previously very challenging to process. They are straightforward to 
produce via AM and offer the potential for improved mechanical performance over conventional 
alloys in several areas. Another promising line of research investigated the use of graphene oxide 
as an additive to enhance the laser irradiation absorptivity of powders in PBF. This could enable 
different wavelengths of laser light to be used and greatly expand the range of possible feedstock 
materials [30].
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Aside from metals, novel ceramic and polymer systems have also been developed. AM lends itself 
particularly well to the exploration of novel materials [11]. Different powders can rapidly be mixed 
and processed by PBF, for example, or new photopolymers mixed in an SLA vat. Compositions can 
therefore be varied more quickly than before.

1.4.4  Process Monitoring and control

Although the accuracy and consistency of the different AM processes have been improved consider-
ably since they were first invented, problems with the quality and consistency of the parts produced 
remain. Parts may frequently contain pores, defects, or other damage and be out of geometric 
tolerance. These problems continue to hold the technology back from wider dissemination into 
high- performance or safety- critical environments. Aside from this, issues often develop during the 
manufacturing process and can be substantial enough to cause the build to fail and require aborting. 
For example, metal parts can warp to such an extent that they collide with the recoater during PBF, 
or polymer parts can become detached from the substrate in MEX processes. The current generation 
of machines is relatively dumb and unable to detect such failures, costing the user time and money.

In- situ process monitoring has been identified by many as the remedy to the above issues. As 
such, much academic research has been conducted in this area over the past decade. Various types 
of sensors have been placed in the different AM systems, including cameras, photodiodes, different 
pyrometry setups, acoustic sensors, and ultrasonic sensors [31]– [33]. The goal here is to try and 
determine when a process has failed, or a defect has been induced in a part, based on a recorded 
signal of the sensor. Although some successes have been reported in detecting gross process failure, 
detecting defect formation has largely proven to be very difficult to achieve reliably, despite the 
degree of research conducted. Given the volume and complexity of the process data captured in- situ, 
machine learning (ML) methods have frequently been employed in analyses and making predictions 
[34]. The next step would be to implement a process control strategy, making use of a feedback loop. 
Some early work has been presented in this area [35]. Closed- loop process control is seen by many as 
critical in ensuring AM reaches its full potential. Although monitoring systems have been explored 
across all the different process categories, they have been a particular focus in the processing of 
metals by PBF and DED. This is because metal parts are often used in the most demanding, high- 
integrity applications and thus quality assurance is most critical in this class of materials.

1.4.5  Process autoMation and industry 4.0

Following on directly from the previous section, achieving closed- loop process control is also highly 
desirable in the context of process automation and Industry 4.0. Once 3D printers can correct their 
own mistakes and run with minimal human input, AM workflows have the potential to become 
highly automated. Arrays of machines could run unattended for long durations, requiring operator 
input only to set up and clean away the build. Corresponding developments to better automate some 
of the ancillary processes of AM, such as build setup, feedstock handling, and even post- processing, 
would also be useful. AM system manufacturers have made some progress on this front. A small 
number of ‘one- stop shop’ systems have emerged, with different processing stations joined sequen-
tially to improve workflow. Expanding the intelligence and degree of autonomy of 3D printers also 
offers the potential for developing remote, deployable printers. Several authors have proposed the 
idea of deploying autonomous printers to build or repair structures in remote or hazardous locations, 
such as in space [36].

There is also tremendous potential presented by the synergy of AM and the Internet of Things 
(IoT). AM processes are inherently digital and once equipped with appropriate sensing and arti-
ficial intelligence capabilities have the potential to transmit and receive data and make decisions 
on the fly. AM systems could therefore receive logistics and inventory data or feedback directly 

 

 

  

 

 

 

 



173D Printing: An Introduction

from consumers and adapt their processes accordingly. The wealth of data captured during manu-
facture could likewise be used to integrate with the rest product manufacturing chain, optimize 
product designs and understand their lifespan and degradation better [37]. The lack of any tooling 
requirements in AM can also allow manufacturers to switch designs seamlessly. Alongside pro-
cess automation and connectivity over IoT, this could enable agile and decentralized manufacturing 
supply chains to emerge. However, it must be emphasized that many of these ideas remain far on 
the horizon at present. Considerable technical research and development are required to turn these 
visions into reality and, again, the development of process monitoring systems sits central to this. 
The economics, and profitability, of these new manufacturing routes and supply chains, must also 
be established and will drive their development.

1.5  CONCLUSION

In this chapter, we have introduced the field of AM and discussed its context within the wider world 
of manufacturing today. The typical workflow involved in producing a component by AM has been 
outlined and the seven different process categories of AM were outlined. Each process has its unique 
operating principle, feedstock materials, and post- processing requirements. These factors largely 
determine which is the most suitable process to manufacture a given product.

Finally, we looked at some of the recent trends and developments across the different processes. 
In general, there has been a movement of increasing the size (i.e., the build volume) and product-
ivity of AM systems. As industrial adoption of AM has increased, there has been a desire to improve 
part throughput and compete with conventional higher volume processes. However, larger machines 
introduce new challenges for part designers and process setups must be optimized to avoid escal-
ating costs and build durations.

Further research and development of materials and design for AM are required to realize its full 
potential. The palette of available materials must continue to expand, particularly in the domain of 
metals. New AM- specific material systems should emerge. Software tools enabling straightforward 
design and simulation of complex structures are still lacking.

In- situ process monitoring and control systems have been identified as critical in enabling greater 
industrial adoption of AM. Closed- loop process control, while challenging to develop, may offer the 
solution to chronic issues with the quality and consistency of AM parts. Increased automation and 
sensor data capture will also allow closer integration of AM with the IoT ecosystem. In the future, 
this could allow agile, decentralized supply change to emerge, as envisioned in Industry 4.0. For 
now, however, this remains on the horizon.
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2.1  INTRODUCTION

3D printing has made it possible to produce complex geometries to final shape without the use of  
specific tools or molds. Printing composite materials is a new area of study, with few commercially  
accessible printer types for making continuous fiber composites and only a few in development. 3D  
printing is a pretty challenging technique. Typically, the trial- and- error method is used to find the  
components (material, printer, process settings, post- processing) that can provide the desired quality  
result. Making decisions based on available knowledge from prior research projects in this field is one  
strategy for reducing the number of iterations involved with this experimental approach. As a result,  
there is a need to approach the 3D- printing process from many angles to improve understanding  
and knowledge in the development process of 3D- printed functional parts. The current utility of 3D  
printing has reached almost every trade sector ranging from the toy industry to space [1]. A brief  
description of the present industrial applications is listed in Table 2.1.

TABLE 2.1
Current Applications of 3D Printing

Industries Applications

Aerospace • Production of parts with complex geometry
• Production of light- weight parts at the desired part density
• Fabrication of components at space stations
• Lattice truss structures

Medical/ Pharmaceutical • Accurate anatomic models for surgery
• Use of printed corpses to understand the anatomy
• Dental crowns
• Knee implants
• Patient- specific hearing aids, orthotic insoles for footwear, prosthetics
• Bone, tissue, and organ 3D printing

Sports • Production of accessories and protective equipment
• prototypes for product testing

Automobile • Integration of various parts in a complex assembly
• Production of spare parts and accessories

Chemical/ Petrochemical • Structured catalysts
• Metal electrodes
• Directly printed catalytically functional structures
• 3D printed heat exchangers

Construction • Novel design of concretes
• self- cleaning concrete
• High- performance concrete
• Cement free building
• 3D printed houses

Education • Models for teaching and training in various disciplines
• Innovative products development

Fashion • Personalized buttons, bangles, watches, hair clips, Jewelry, shoes, etc.
• Dresses

Food industry • Chocolates with personalized shapes and designs
• Pasta, meat, etc.

Electronics • Printed light- emitting diodes, solar cells
• Integrated circuits
• Flexible electronic circuits, flexible capacitors
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Among the various 3D- printing techniques, fused deposition modeling (FDM) is more cost- 
effective than other production processes. Many researchers are focusing on FDM due to its broad 
applicability and affordability. The use of this method on a larger industrial scale resulted in a 
variety of demands that have been handled by industries. Most printer manufacturers, including 
Stratasys, Ultimaker, and Markforged are constantly working to improve their printing machines. 
However, the development of continuous fiber- reinforced composites is a pressing requirement to 
broaden the use of 3D- printed FDM parts for high performance [2]. The dimensional superiority of 
the 3D- printed part is a function of the feedstock dimensional precision, and to meet the perform-
ance criteria, dimensional accuracy and stability of the printed part are necessary for overall part 
quality [3], [4]. Therefore, the present study emphasizes the dimensional aspect of the different 
feedstock filaments used to fabricate the continuous fiber- reinforced polymer composites.

2.2  COMPOSITE 3D PRINTING

2.2.1  eVolution and coMMercialization

The FDM technique is well- considered and the most widely used method for fabricating composite 
parts due to its cost and convenience. Because of its weak mechanical qualities, FDM printed parts 
are typically utilized for prototype component manufacture. Different reinforcements, including 
carbon black, platelets, chopped fibers, and polymer fibrils, are mixed with the thermoplastic matrix 
and then extruded together during printing to improve the performance of the printed polymer. 
The fiber orientation and fiber volume fraction have a considerable impact on the performance 
of these short fiber reinforced composites. However, they still outperform conventional fiber- 
reinforced composites in terms of mechanical performance. Compared to the conventional fabrica-
tion processes of fiber- reinforced polymers, the FDM process can provide complex, functional, and 
structural parts [5]. FDM machines are also available with dual extrusion nozzles with the provision 
to use two different materials and colors as and when required. Table 2.2 represents the factors and 
possible variables common to the FDM process [6].

The inception of 3D printing took place from 1981 onwards and introduced Selective Laser  
Sintering (SLS) and fused deposition modeling (FDM) during the first decade. The first patent  
titled ‘apparatus for production of three- dimensional objects of stereolithography’ was issued to  

TABLE 2.2
Various Factors Affecting Mechanical Performance

Factors Variables

Material • Matrix type
• Reinforcement type
• Humidity

Printer • Nozzle diameter
• Envelop temperature
• Bed temperature

Process parameters • Nozzle temperature
• Print speed
• Layer thickness
• Raster width and angle
• Raster to raster air gap
• Build orientation
• Number of outer shells
• Reinforcement orientation
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Chuck Hull in 1986 for the first commercial 3D printer. Later on in 1989, Scott Crump invented a  
3D desktop printer that was commercialized by Stratasys company. The cost of FDM 3D printers  
dropped significantly in the year 2012– 2013. In 2011, Time magazine presented a list of the 50-  
best invention of the year, including a 3D- printed dress. In 2014, the world’s first carbon fiber 3D  
printer changed the face of additive manufacturing forever. Carbon fiber is one of the most valuable  
materials available to a part designer. It is also one of the most expensive because of the time-  
consuming process of forming or winding it. It would be truly astonishing if carbon fiber could  
simply be printed. The first 3D printer for carbon fiber was introduced at the SolidWorks World  
2014 conference in San Diego, USA. 3D printers can produce parts with a more excellent strength-  
to- weight ratio. Gregory Marks (founder of Markforged company) named his new brainchild ‘Mark  
One’ [7]. In September 2014, the world’s first 3D- printed automobile was tested at the International  
Manufacturing Technology Show (IMTS) in Chicago. According to reports, the complete car body  
was created on- site in 44 hours using a 3D printer [8]. Furthermore, Matsuzaki’s 2016 disclosure  
of 3D- printed continuous fiber- based composites was a great addition to tailoring the mechanical  
characteristics of printed parts with a complicated topology, which may lead to a future materials  
manufacturing sector [9]. In the recent past, the increased research exposure regarding 3D- printing  
technology caused making tools on- demand, Urbee (the first 3D- printed car), 3D- printed rocket fuel  
injector, lunar habitation by European Space Agency (ESA), and life- saving 3D- printed splint. The  
market studies for the past decade revealed a potential future scope for 3D printing and expected an  
increase almost exponentially in the coming years.

2.2.2  coMPonents of fdM 3d Printer

While FDM printers use three different electromechanical systems, such as extrusion, Z motion, and 
XY gantry motion [10]. The operation of these systems determines the quality of the printed part. 
The main components of an FDM 3D printer are briefly described as follows:

• Extrusion system: The extrusion system heats and extrudes the polymer material through the 
nozzle. The print speed and accuracy of the printer are influenced by factors like nozzle size 
and extrusion speed.

• z motion system: Material is deposited onto the print bed via the print head and extrusion 
mechanism. The z motion mechanism moves the bed up and down in discrete and equal steps 
to produce the layers.

• xy gantry motion system: It controls the movement of the print head in x-  and y- directions. 
It moves the tool pathways that produce each layer. The rigidity of the gantry affects the pre-
cision and accuracy of the printed part. 3D printers can build more accurate geometries on the 
x- y plane than on x- z or y- z planes.

• Print head: The print head is the component that is responsible for depositing the thermo-
plastic melt through a nozzle and it is the most sophisticated component in an FDM 3D printer.

• Print bed: This is the supporting plate that holds the extruded filament coming through the 
nozzle. This helps in building the part layer by layer by its displacement to the nozzle position 
in z- direction.

2.2.3  continuous fiBer reinforceMent

In commonly available Markforged printers, the open- source Eiger slicing software is used. 
Markforged printers offer unidirectional (or isotropic) and concentric fiber patterns. Within the same 
layer, combinations of two patterns are also possible. With a resolution of 0.01 degrees, fibers can 
be placed at any angle. In the case of concentric fiber arrangement, it takes the outside geometry and 
offsets it inward to place the fiber. It is possible to control the number of fiber rings in each layer. 
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Three different fiber patterns are printed, namely concentric fiber and isotropic fiber. The isotropic 
fiber angle can be adjusted in any desired direction as needed. The fibers are continuous in each 
layer, but they do not span the layers. When creating a fiber layer, the fiber end is placed down and 
compressed. It causes an ironing action that alters the fiber filament’s geometry slightly elliptical. 
After that, a blade cuts the fiber and then moves on to the next layer. The matrix can be nylon or 
PLA, while the fiber can be carbon, glass, or Kevlar. The number of fiber layers in each specimen 
can be changed to a required composition of fiber volume fraction [11].

2.3  FEEDSTOCKS FOR POLYMER COMPOSITE

2.3.1  PolyMer filaMents (continuous Phase)

Several thermoplastic materials are used in the FDM 3D- printing process. However, it is important 
to understand the properties of matrix material for a specific application based on the function and 
purpose of the printed part. Therefore, some most popular filament materials used in FDM 3D 
printers are described as follows:

1. Polylactic acid (PLA): PLA is the most commonly used filament material and has a low 
melting point of 145– 186 oC. It can be easily produced into filament at temperatures over 
185– 190 oC. PLA’s biocompatibility and mechanical qualities (high strength and modulus) 
make it suitable for industrial and biomedical applications.

2. Acrylonitrile butadiene styrene (ABS): It is an amorphous polymer based on styrene, 
acrylonitrile, and polybutadiene. ABS is more appealing for use in FDM because it not only 
has greater strength and toughness than PLA, but it also has greater resistance to corrosive 
substances. However, it is a little difficult to print because to the tendency to warp caused by 
the high shrinkage factor.

3. Nylon 6: It is utilized in the 3D- printing industry because of its high strength, flexibility, and 
durability. However, it is sensitive to moisture and should be stored in a cold, dry environment 
for printing high- quality items.

4. Polycarbonate (PC): PC is a 3D- printing engineering thermoplastic material that is popular 
due to its good mechanical qualities (toughness, flexural strength, and impact resistance) 
and wide heat resistance range of - 150 C to 140 oC. As a result, it is commonly utilized 
in demanding applications such as functional testing and tooling. PC, on the other hand, is 
a hygroscopic material that absorbs moisture from the air. To avoid filament degradation, 
store it in a dry or airtight environment. It can also warp between the filaments and the con-
struction plate or between filaments. Residual stress in the polymer can be formed when the 
PC is printed without a warm environment. As the printing progresses, residual stress finally 
overcomes the bed or inter- layer adhesion, resulting in deformation.

5. Polyether- ether- ketone (PEEK): It is a poly aryl ether ketone (PAEK) semicrystalline 
polymer. Due to the high melting temperature of roughly 343 oC, PEEK is extremely difficult 
to print, however since the nozzle in the FDM printer has lately developed, it has led to the 
development of PEEK filaments for more generic FDM printers. Furthermore, the polymer’s 
various advantages, such as good mechanical, chemical, and thermal qualities, allow it to be 
used in harsh situations demanding high service temperatures or mechanical properties, such 
as bone, bearing, automotive parts, and aviation components.

6. Polyether- ketone- ketone (PEKK): It is a semicrystalline material that belongs to the poly 
aryl ether ketone (PAEK) class. PEKK, like PEEK, is an emerging material in the aerospace 
and tooling industries due to its excellent mechanical strength and chemical resistance. PEKK 
has a greater melting temperature than PEEK, around 385 oC. PEKK crystallizes at a sig-
nificantly slower rate than PEEK and is less sensitive to chilling in a low- temperature build 
chamber below 200 oC. As a result, PEKK is well- known as an advanced alternative feedstock 
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for FDM since it can be handled in the same way as an amorphous polymer, resulting in strong 
layer adhesion and dimensional stability.

7. Nanocomposite filament: Various forms of nanofillers, including carbon nanomaterials, are 
used depending on the final product’s function, such as artificial bone implants.

8. Fibers- reinforced polymer composite filaments: Because of their strong mechanical 
qualities while being lightweight, fiber- reinforced polymer composites offer considerable 
potential in structural industries such as aerospace, automotive, and energy applications. As 
reinforcements for printing composite parts, both discontinuous fibers (e.g., chopped glass 
fibers, chopped carbon fibers, and short basalt fibers) and continuous fibers (e.g., glass fiber, 
carbon fiber, and aramid fiber) are utilized. Nowadays, 3D printing for fiber- reinforced 
composites is being intensively researched to build structural applications that make use of 
3D printing’s superior mechanical qualities and design flexibility. Short fiber is especially 
appealing due to its ease of production, low cost, and better mechanical property.

2.3.2  filaMent faBrication Process

This process uses extruders that push the material through die holes to get the product as a filament 
extrudate [12]. The pure polymer filament is entirely composed of polymers with no additions. Each 
pure polymer filament has its own set of features and mechanical qualities. However, the intrinsic 
qualities of pure polymers cannot always fulfill the need for mechanical properties in specific 
products. This dilemma necessitates the industry to constantly develop polymer filaments accept-
able for commercial markets. Adding chemicals to the filament mix can help improve mechanical 
qualities. This procedure resulted in the polymer composite filament. As a result, several academics 
and enterprises have produced polymer composites as 3D- printing filament material by mixing the 
matrix and upgrading the components to achieve systems with structural features and functional 
benefits.

2.3.3  fiBers (discontinuous Phase)

Various fibers are used as a discontinuous phase in the fabrication of polymer composites. In most 
applications, synthetic fibers are generally used as reinforcement. Synthetic fibers are man- made 
fibers produced by chemical synthesis and classified as organic or inorganic based on their content. 
Fiber materials are significantly stronger and stiffer than matrix materials, making them a load- 
bearing component in the composite structure [5], [13]. Some of the well- known fiber materials are 
discussed below:

1. Glass: Glass fibers are the most extensively used synthetic fiber reinforcement because they 
provide exceptional strength and durability, thermal stability, impact resistance, chemical 
resistance, and wear properties. However, when using typical machining processes, cutting 
glass fiber- reinforced polymer is relatively slow and difficult, resulting in reduced tool life [14].

2. Carbon: Carbon fibers are used instead of glass fibers in applications where rigidity is 
required. Carbon fiber- reinforced polymers have extensive uses in the aircraft, automotive, 
sport, and various other industries [15].

3. Kevlar: Because of its anisotropic nature, Kevlar fiber has lower compression strength than 
glass and carbon fiber counterparts [16].

4. Graphene: Graphene fibers, when compared to carbon fibers, are a novel type of high- 
performance carbonaceous fiber with superior tensile strength and electrical conductivity. 
Increased graphene fiber properties offer promise in applications such as lightweight con-
ductive cables and wires, knittable supercapacitors, micromotors, solar cell textiles, actuators, 
and so on [17].
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5. Basalt fiber: Basalt fiber is a material formed from extremely fine basalt fibers that contain 
minerals such as plagioclase, pyroxene, and olivine. Basalt fiber outperforms glass fiber in 
terms of physical and mechanical qualities. Furthermore, BF is much less expensive than 
carbon fibers.

2.3.4  coMMercially aVailaBle continuous fiBers

Continuous fiber- reinforced composites outperform discontinuous fiber- reinforced composites 
in terms of performance. Continuous fibers have a high aspect ratio and are typically aligned in 
composites.

• Glass fiber filament: Glass fiber (also known as Fiberglass) is the most cost- effective 
reinforcement material. Reinforced fiber offers high strength at an affordable price. It is 
widely used in day- to- day applications for vital parts. Compared to Onyx, Fiberglass has 2.5 
times the strength and eight times the rigidity of Onyx. It has Flexural Strength of 200 MPa 
and a modulus of 22 GPa.

• Kevlar fiber filament: Kevlar fiber is a lightweight, bendable fiber that offers excellent dur-
ability. It is ideal for parts subjected to repeated and sudden stress. Kevlar fiber is as rigid as 
glass fiber but much easier to mold. It has a flexural strength of 240 MPa and a modulus of 
26 GPa.

• Carbon fiber filament: It possesses the highest strength and thermal conductivity. It is most 
suitable for stiffness and strength requirements. The carbon fiber reinforcement can produce 
parts with six times the strength and eighteen times the stiffness of Onyx. It has a flexural 
strength of 540 MPa and a flexural modulus of 51 GPa. This fiber reinforcement is commonly 
employed in parts that replace metal sections.

• High-strength high- temperature glass fiber filaments (HSHT) filament: HSHT fiberglass 
is a particular variant of glass fiber that provides strength like aluminum. It has five times the 
strength and seven times the rigidity of Onyx. Its application is preferred for parts exposed to 
high operating temperatures. It has a flexural strength of 420 MPa and a modulus of 21 GPa.

2.4  DIMENSIONAL ASSESSMENT OF PRINTING FILAMENTS

The feedstock filaments used to fabricate continuous fiber- reinforced polymer composites by fused 
deposition modeling technique can be classified into three categories: polymer filament, short fiber 
reinforced polymer filament, and continuous fiber filaments. The filament specimens for analyzing 
the dimensional aspect were taken from each of the above three categories. The feedstocks covered 
in the present study are PLA, Nylon, Onyx, Glass fiber, Kevlar fiber, and Carbon fiber.

2.4.1  Methodology

The dimensional analysis of the feedstock filaments was performed based on the following criteria:

1. Longitudinal uniformity
2. Cross- sectional geometry

Measurements were performed to study the accuracy and consistency of the dimensions in 
the feedstock filaments. Since the uniformity in the cross- sectional geometry of the filament is 
an important quality parameter, therefore, measurement points were specified at selected locations 
along the longitudinal direction and a particular cross- section. The measurement was carried out 
with the help of micrometer MDC- 25PX (Mitutoyo, Japan), having a resolution of 0.001 mm.
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For longitudinal accuracy, dimensional measurement was carried out in a 50 mm long piece taken 
from the filament. Five equally spaced locations (P1, P2, P3, P4, and P5) were marked as measure-
ment points to observe the longitudinal uniformity in the feedstock filaments. The cross- sectional 
geometry of each filament type (polymer matrix filaments, polymer composite filaments, and fiber 
filaments) was analyzed at four diagonal positions (AA´, BB´, CC´, and DD´) of the circular cross- 
section. The angular displacement between every two successive sections is kept at 45º. A schematic 
diagram of the filament longitudinal and cross- sectional geometry is presented in Figure 2.1.

2.4.2  PolyMer Matrix filaMent

Three filament types from the polymer matrix were taken polylactic acid (PLA), Nylon (PA- 6), and 
Onyx. Each of the filaments has a 1.75 mm filament diameter. PLA and Nylon are pure polymers, 
while Onyx is a fiber- reinforced polymer composite filament that can be considered a matrix material 
for continuous fiber- reinforced 3D printing. Onyx® is a trademark of Markforged (USA) for Nylon 
reinforced with short carbon fibers. An SEM microscopic image showing the Onyx filament cross- 
section is given in Figure 2.2 which indicates variation in cross- sectional dimension in two perpen-
dicular directions. Moreover, a magnified image of the filament cross- section indicates embedded 
fibers oriented along the longitudinal direction.

Dimensional analysis of the filaments was carried out for uniformity and consistency. The longi-
tudinal geometry of the feedstock filaments is measured at specified points P1 to P5. The measured  
values are presented in Table 2.3.

FIGURE 2.2 SEM images showing a single Onyx filament cross- section at magnification ×40 (left), and 
×500 (right).

FIGURE 2.1 Schematic of the filament longitudinal geometry showing five location points P1 to P5 (left), 
and filament section at P1 (right).
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After analysis of the obtained data, a comparison of mean diameter and standard deviation for  
PLA, Nylon, and Onyx filaments (as shown in Figure 2.3). The results indicate that the mean of PLA  
and Onyx possess higher dimensional values than the standard diameter (1.75 mm). On the other  
hand, Nylon filament is under dimension than the standard diameter and quite superior in terms of  
longitudinal uniformity as compared to the remaining filaments.

The cross- sectional geometry is analyzed through the measurement at a particular cross- section 
for different diagonal sections at AA´, BB´, CC´, and DD´. Based on the measured data, mean and 
standard deviations were evaluated for each filament. The measured dimensions along with their 
mean and standard deviation are given in Table 2.4.

2.4.3  continuous fiBer filaMent

Three types of continuous fibers, such as glass fiber (GF), Kevlar fiber (KF), and carbon fiber (CF) 
were taken for this study. A photograph of these continuous fibers is given in Figure 2.4.

FIGURE 2.3 Comparison of filament mean diameter and longitudinal uniformity based on the standard 
deviation for PLA, Nylon, and Onyx.

TABLE 2.3
Measured Polymer Matrix Filament Dimensions

Filament Type

Diameter (mm)

DP1 DP2 DP3 DP4 DP5

PLA filament 1.751 1.751 1.776 1.767 1.774
Nylon filament 1.738 1.737 1.737 1.737 1.735
Onyx 1.756 1.776 1.774 1.765 1.768
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For analyzing the longitudinal geometry of the fibers, five different locations along the longitu-
dinal direction were assigned at an equal gap of 10 mm and marked as P1 to P5. The measured  
dimensional data is presented in Table 2.5.

A comparison of the longitudinal uniformity based on fiber mean diameter and the standard devi-
ation is presented in Figure 2.5. It is observed that the mean diameter of the Kevlar fiber is slightly 
lesser as compared to the carbon fiber. The comparison of the standard deviation of the three fiber 
types indicates that carbon fiber has a minimum level of standard deviation while glass fiber has 
the maximum standard deviation. The diameter of the carbon fiber is significantly higher than the 
remaining fibers and the dimensional quality is also superior in comparison to glass and Kevlar 
fibers.

The cross- sectional geometry of the fibers was measured at four sectional lines as earlier. The 
measured dimensional data along with the mean and standard deviation is presented in Table 2.6. 
There is a huge difference between the standard deviation of carbon fiber, glass fiber, and Kevlar 
fiber. The higher standard deviation in the case of carbon fiber indicates the elliptical nature of the 
fiber. However, the other two fibers (KF and GF) are comparatively superior in terms of their circular 
geometry at the cross- section.

The obtained data for the specific sections indicate quite low dimensional variations in the fiber  
diameter at sections AA´, BB´, CC´, and DD´ for glass and Kevlar fibers. However, a higher standard  
deviation is found for carbon fiber which corresponds to a poor symmetrical geometry in comparison  

FIGURE 2.4 Photograph of glass, Kevlar, and carbon fiber filaments.

TABLE 2.4
Measured Polymer Matrix Filament Cross- section, Mean, and Standard Deviation

Polymer Matrix Type

Diameter (mm)

Mean (mm) StDevDAA´ DBB´ DCC´ DDD´

PLA filament 1.771 1.762 1.775 1.79 1.775 0.012
Nylon filament 1.719 1.728 1.732 1.727 1.727 0.010
Onyx 1.618 1.657 1.745 1.715 1.684 0.057
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to glass and Kevlar fibers. Figure 2.6 shows SEM microscopic images of continuous fiber filament  
cross- section. The geometry of continuous fibers is seen with their actual dimensions. Also, the indi-
vidual microfibers bundled within a single fiber are seen with bonding materials. Moreover, at a few  
locations, some void points are also observed [18].

TABLE 2.6
Measured Fiber Cross- Section, Mean and Standard Deviation

Fibers

Diameter (mm)

Mean (mm) StDevDAA´ DBB´ DCC´ DDD´

GF cross- section 0.281 0.280 0.280 0.279 0.280 0.001
KF cross- section 0.279 0.277 0.277 0.277 0.278 0.001
CF cross- section 0.376 0.391 0.376 0.390 0.383 0.007

FIGURE 2.5 Comparison of mean diameter and longitudinal uniformity based on the standard deviation for 
GF, KF, and CF.

TABLE 2.5
Measured Continuous Fiber Filament Dimensions

Fiber Type

Diameter (mm)

DP1 DP2 DP3 DP4 DP5

GF 0.281 0.266 0.269 0.316 0.268
KF 0.279 0.281 0.285 0.249 0.274
CF 0.372 0.382 0.379 0.375 0.379
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2.5  APPLICATIONS OF CONTINUOUS FIBER- REINFORCED POLYMER 
COMPOSITES

The continuous fiber- reinforced 3D-printed polymer composites have wide applications due to 
their higher mechanical performance. The application area covers a range of industries including 
aerospace, drone, sports, automobile, marine, petroleum, chemical, and other applications where 
lightweight materials with superior mechanical properties are required. Increased research exposure 

FIGURE 2.6 SEM images showing a fiber filament cross- section for (a) glass fiber at ×200, (b) glass fiber 
at ×1000, (c) Kevlar fiber at ×150, (d) Kevlar fiber at ×1000, (e) carbon fiber at ×200, and (f) carbon fiber at 
×1000 magnification.
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regarding this amazing technology caused the invention of 3D- printed cars, making tools on demand, 
rocket fuel injectors, lunar habitation, and life- saving dressings [19]– [21].

Some of the important applications are given below:

• Frame for drones
• Unmanned aerial vehicle (UAV)
• Propellers
• Structural components for airplanes
• Lightweight structures
• load- bearing applications
• high specific strength and stiffness
• Chassis for racing cars
• Medical tools and components
• Dentistry
• Wind turbines
• Satellite antennas

The applicability of composite 3D- printing technologies is enormous, but more industrial 
acceptance is still required so that machine manufacturers and users can adopt new materials- based 
technologies on composites with continuous reinforcing fibers.

2.6  SUMMARY

The present study shows an interesting aspect of the fibers used in 3D printing of continuous fiber- 
reinforced polymer composites. The glass and Kevlar fibers have superior cross- sectional geometry. 
In contrast, carbon fiber possesses superiority over glass and Kevlar fibers in terms of dimensional 
uniformity along their longitudinal direction. The results observed and presented are beneficial to 
the composite fabricators and researchers working in this area. As there was no significant study 
found in the literature stating the dimensional aspect of the feedstock filaments, there is tremen-
dous scope to take forward this study by taking other useful filament materials for 3D printing. 
Researchers may take filaments, such as carbon fiber reinforced Polylactic acid, HSHT, and fire- 
resistant carbon fiber for the study of the dimensional aspect.
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3.1  INTRODUCTION

Over the past one hundred years, fundamental discoveries in the field of physical chemistry enabled 
the development and adoption of molecular spectroscopies based on the exposure to and subsequent 
absorption of electromagnetic radiation. The absorption of photons across the electromagnetic spec-
trum results in light– matter interactions which are then detected as a function of the frequency of 
irradiation. Different elements and molecules have distinct spectral signatures, enabling the identifi-
cation and quantification of sample analytes ranging from small molecules to large macromolecular 
assemblies. These techniques have evolved to become critical, ubiquitous tools central to the devel-
opment of modern science and medicine. They have enabled countless discoveries in various fields, 
including medicine, materials science, and chemistry.

Initially, access to spectroscopic devices was limited as spectrometers were research object-
ives in themselves and typically found only in research and development laboratories. However, 
between the 1950s and 1990s, there was rapid commercialization of scientific equipment through 
the founding of many large- scale scientific device manufacturers. This improved accessibility to 
spectroscopy and increased the rate of scientific discovery profoundly.

While the design of many spectrometers will be detailed further in the chapter, their fabrication 
has previously been dependent on traditional subtractive manufacturing methods requiring extensive 
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infrastructure to support. As commercial equipment began entering laboratories, machine shop 
facilities became less widespread and the number of laboratories developing their own customized 
spectrometers has decreased over time. As a result, while access to spectroscopy has increased, the 
ability to rapidly tailor instrumentation to experimental needs has decreased over time.

While this trend continued into the early 2000s, the commercialization and cost reduction of 
3D printers has made them a standard and necessary resource in many scientific laboratories today. 
Technologies such as fused deposition model (FDM) and stereolithography (SLA) printers are 
most common in laboratories, however, 2- photon 3D printing has rapidly become a viable strategy 
uniquely suited for the miniaturization of scientific devices. Rapid, low- cost, and often in- house 
fabrication strategies using 3D printing have resulted in a rapid resurgence of customized instrumen-
tation demonstrated by hundreds of publications each year incorporating 3D- printed components. 
Importantly, most published work contains open- access CAD models which further improve the 
accessibility of innovative instrumentation. Overall, 3D printing has not only furthered the custom-
ization of instrumentation but has also led to improved democratization of scientific equipment. For 
many labs, upgrades to spectrometers has become a cost- prohibitive step, however, when using 3D 
printing the cost is near zero, particularly when considering the availability of 3D printers on most 
university campuses.

Within this chapter, we discuss a small selection of the numerous creative and innovative uses 
of 3D printing for molecular scale analyses. Herein we focus on the application of printing to ultra- 
violet and visible spectrophotometry, infrared and Raman spectroscopy, mass spectrometry, and 
nuclear magnetic resonance.

3.2  UV/ VIS SPECTROPHOTOMETRY

Ultra- violet and visible (UV/ VIS) spectrophotometry is used to determine analyte compositions and 
concentrations of samples ranging from biomolecules to materials. UV/ VIS measures the absorp-
tion or transmission of UV and visible light through the sample. The absorption of photons in this 
range of the electromagnetic spectrum can then be used to determine concentrations of the analyte 
of interest. This versatile technique is widely used in academic labs, industry, and clinical settings. 
Additionally, it is a foundational technique used to introduce chemistry and biology students to 
spectroscopic methods.

Typical spectrometers for UV/ VIS in research settings cost between several hundred to several 
thousands of dollars and can take up a large footprint in the laboratory. All UV/ VIS spectrometers 
use a UV/ VIS light source which is then sent through a diffraction grating or monochromator to 
achieve spectral resolution in the UV/ VIS electromagnetic region. The sample is typically contained 
in quartz, optical glass, or disposable plastic cuvette. The transmitted light is then recorded on 
a CCD detector and sample absorbance is used to determine analyte concentrations. While these 
simple components can become more sophisticated in high- quality research- grade equipment, the 
overall simplicity of the spectrometer makes it highly amenable to customization using 3D printing 
technology.

3D printing has accelerated the customization of UV/ VIS spectrometers enabling researchers to 
increase the utility of these devices while decreasing the cost of spectroscopic consumables. A wide 
variety of printing technologies have been applied to overcome challenges related to printing air 
and watertight components, the use of highly transparent resins, and improved chemical resistance 
of printing resins. Moreover, 3D printing has accommodated the required flexibility of researchers 
interested in the integration of electrochemistry during UV/ VIS, the study of samples in the gaseous 
phase or solid phases, under flow- cell conditions, and variable temperatures. While commercial 
suppliers have developed limited add- on components to their spectrometers to address these and 
other user needs, the associated high costs of such devices limit widespread adoption.

To this end, low- cost, variable volume and path length cuvettes with integrated temperature 
control have been fabricated primarily using FDM printing techniques. Pisaruka et al. expanded 
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the commercially available spectrometer functionality to include an integrated water bath heating 
chamber surrounding the sample chamber, enabling variable temperature measurements on 
decreased sample volumes of amphiphile micelle concentrations to probe phospholipid aggregation 
properties [1]. These sample chambers were fabricated from acrylonitrile butadiene styrene (ABS) 
and polylactic acid (PLA) filaments via FDM printing using a MakerBot Replicator 2X printer. This 
was followed by a post- printing processing step in which PLA or ABS cuvettes were immersed in 
either chloroform or acetone to fuse layer defects and improve watertight properties.

Universal cuvette adapters have also been 3D-printed to accommodate a variety of commercial 
spectrometers in addition to enabling the use of common laboratory containers to serve as cuvettes 
directly. The development by Whitehead et al. uses a standard glass or quartz microscope slide 
integrated into a 3D- printed support piece, for an estimated cost of $1 or $14, respectively [2]. 
Furthermore, the authors demonstrate a universal adapter that can house gas- tight commercially 
available vials, in addition to supporting solid samples that would otherwise be difficult to study 
with existing devices. A total of 24 designs were printed in less than two hours each using a LulzBot 
Mini Printer with Black PLA filament.

Flow capabilities have been integrated into optically transparent cuvettes using a Dreamer 
Sygnis New Technologies printer and NinjaFlex Midnight Black Filament to fabricate rubber- like 
components that housed small tubing for flow studies [3]. The flow cell maintained a volume of 
only 50 uL and the reported total cost was ~$1.3 which the authors state as being hundred times less 
expensive than a commercially available flow cell. The authors validated their design with use over 
20 hours on two model analytes, bromothymol blue and fluorescein.

While the previous examples used FDM printed sample chambers incorporating optical 
glass, Sirjani et al. used optically transparent filaments-  transparent PLA (MakerBot), HD glass 
(Formfutura), and T- Glase (Taulman3D) to directly fabricate the entire sample cuvette [4]. 
Significant light scattering effects due to layer spacing in the FDM printing process were overcome 
using XTC- 3D ®, a finishing coating for 3D-printed parts that are used to fill in print striations and 
imperfections to create a smooth and high gloss finish. The authors extended their application from 
a simple cuvette to the fabrication of a 3D- printed, optically transparent device containing three 
reaction chambers with embedded neodymium magnets used to immobilize enzymes conjugated to 
magnetic DynabeadsTM. Two and three- step lactose assays were performed to validate the enzyme 
immobilization assay. This work represented an important step toward the rapid fabrication of optic-
ally transparent, custom reaction chambers for biosensing applications without chemical compati-
bility issues.

Beyond fabrication of the sample chamber, several groups have developed multiple components 
for UV/ VIS spectroscopy which further extend its utility and applications. This includes the 
functionalization of printed components to serve as electrodes for combined spectro- electrochemistry 
applications by Vaněčková et al. [5]. This enables the study of electron transfer mechanisms and 
detection of electrochemical reaction products. The electrochemical electrodes were printed from 
PLA- carbon nanotubes (CNT) using a Prusa I3 MK3 printer followed by electrochemical activation 
and integration into a quartz cuvette. Importantly, the electrode design included an optical window 
integrated into the 3D- printed structure. The authors validated their electrodes using a standard 
sample and printed components behaved similarly to conventional electrodes.

3D printing has enabled the fabrication of accessible and portable spectrometers that couple inex-
pensive optical elements to smartphones serving as the detector. 3D- printed housings allow the inte-
gration of all components of the spectrometer. Grasse et al. offered a procedure for translating pixels 
from smartphone- detected images into conventional UV/ VIS absorption spectra and validated their 
methodologies by determining Kool- Aid concentrations [6].

3D printing has also enabled the miniaturization of UV/ VIS spectrometers with a total volume  
of only 100 μm × 100 μm × 300 μm using two- photon direct laser writing 3D printing technology,  
while the diffraction slit of the spectrometer was fabricated using super- fine inkjet process [7].  
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This is one of the first instances of micro- optics being fabricated using 3D- printing technology and  
represents a large potential opportunity for a variety of sensing and spectroscopic applications. The  
printed device is shown in Figure 3.1 and details the optical design and 3D- printed volume including  
micro- optics. The authors compared the spectrum collected with the 3D- printed miniaturized spec-
trometer to a commercial spectrometer and found sufficient agreement between the results, despite 
the footprint of the miniaturized device is eight orders of magnitude less than the commercial  
spectrometer.

The primary remaining challenges toward widespread adoption of 3D printing for UV/ VIS spec-
troscopy lie in the chemical compatibility of resins and filaments used that are in contact with 
analyte solutions. Moreover, ensuring leak- tight characteristics of sample cuvettes and integrating 
optically transparent resins and filaments into designs will continue to be a challenge to researchers. 
However, as demonstrated by the previously mentioned studies, several authors have been able to 
overcome these challenges and 3D printing represents a viable method of fabricating and upgrading 
UV/ VIS spectrometers.

3.3  FOURIER TRANSFORM INFRARED AND RAMAN SPECTROSCOPY

Fourier transform infrared (FTIR) spectroscopy and Raman spectroscopy are analytical techniques 
that probe the vibrational modes of molecules. These measurements provide rich information about 
the chemical bonds present in a sample of interest. The frequencies associated with vibrational 
transitions within molecules generally fall within the infrared region of the electromagnetic spec-
trum. FTIR measures the absorption of infrared radiation which will occur only at specific frequen-
cies associated with particular vibrations within a sample. Raman measurements on the other hand 
are based on inelastic scattering. Samples are irradiated with a laser and scattered light is collected 

FIGURE 3.1 Optical design and simulation of the miniature spectrometer. (a) Design principle. (b) Optical 
design and ray- tracing simulation. Slit width blazed grating, topography, and footprint spot diagram are 
highlighted for the indicated surfaces. (c) Cut view of the 3D- printed volume model. Lenses, grating, slit, 
and mounts are printed in one step and fit in a volume of only 100 × 100 × 300 µm3. (d) Two- dimensional 
wave- optical simulation (WPM) of the plane highlighted in red in (c). Around the slit, a perfectly absorbing 
material is assumed. Simulation wavelengths are in the visible range from 490 nm to 690 nm in 40 nm steps. 
Figure 3.1 is adapted with permission [7]. Copyright: The Authors, some rights reserved; exclusive licensee 
Light Publishing Group. Distributed under a Creative Commons Attribution License 4.0 (CC BY).
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and measured. The dominant scattering effect is elastic Rayleigh scattering which preserves the fre-
quency of the light. There are also inelastic Raman scattering effects that cause the frequency of the 
light to shift up or down by the frequency of vibrational transitions present in the sample.

Since FTIR is an absorption measurement it requires an infrared light source and detector that 
function across the entire spectral region of interest. Typically, the light source is a heated silicon 
carbide element or a tungsten- halogen lamp. Rather than using a monochromator or diffraction 
grating to produce spectral resolution (as is common practice when working with visible or ultra-
violet light) FTIR employs an interferometer. The light is split into two parts that are directed to 
the detector via separate paths. Depending on the frequency of the light and the difference in the 
lengths of the two paths the two beams can positively or negatively interfere with one another. By 
varying the length of one of the two beam paths an interferogram can be produced that encodes the 
frequency and intensity of the light. This signal can then be converted into a spectrum via a Fourier 
transform.

Raman spectroscopy requires a more complex arrangement of optics. A laser, typically in the 
visible or near- infrared, is focused on a sample using a microscope objective. That same objective 
lens is used to collect light scattered from the sample. Great pains must be taken to avoid fluores-
cence which can also emit light that would be collected by the objective. Scattered light at the same 
frequency as the laser is produced by Rayleigh scattering and must be filtered out before detection. 
As the light in a Raman microscope is at higher frequencies than that in an FTIR spectrometer it 
generally is spectrally resolved using a monochromator or a grating paired with a CCD detector.

Most FTIR and Raman instruments that chemists and material scientists in academic and indus-
trial labs have access to are commercial devices that are not intended to be significantly altered 
by the user. Constructing homebuilt instruments or modifying existing commercial instruments is 
generally difficult and expensive but can offer a crucial path to new and innovative spectroscopic 
methodologies. 3D- printing approaches have significantly lowered the barrier to experimenting with 
novel apparatuses needed for studying challenging samples and overcoming practical barriers that 
previously prevented some types of measurements.

In the most common case, FTIR measurements are performed by passing a beam of infrared light 
through a sample and then into an interferometer for detection. This arrangement is effective but has 
significant limitations. Such transmission mode measurements usually require that the sample be in 
the solid state and be very thin to avoid excessive attenuation of the beam. Attenuated total reflec-
tion (ATR) is a popular alternative method in which the sample is placed directly on a crystal with 
a high refractive index. The beam travels through the crystal and hits the interface with the sample 
at an oblique angle such that total internal reflection occurs, and the beam effectively bounces off 
the interface. A small portion of the beam, known as an evanescent wave, extends a short distance 
beyond the interface and interacts with the sample allowing absorption to occur. ATR attachments 
are available for many commercial FTIR spectrometers, but they are expensive and inflexible. 3D 
printing has been used to produce low- cost ATR modules that allow for variation of many aspects of 
the measurements, such as the type of ATR crystal [8]. By creating custom ATR modules researchers 
could alter the number of times the beam bounces off the interface, a parameter that generally cannot 
be adjusted using commercial equipment, to optimize the sensitivity of measurements of proteins 
in dilute solution. Additionally, because the 3D- printed modules could be made overnight at a rela-
tively low cost, they could be used in a disposable fashion to reduce cross- contamination and study 
otherwise inaccessible biological samples.

3D printing has also been applied to great effect in Raman spectroscopy. Due to their increased 
complexity and cost, Raman instruments are often less accessible than FTIR spectrometers, espe-
cially in teaching labs. By integrating 3D- printed parts with off- the- shelf optical components, a 
functional Raman spectrometer was developed that cost less than $4000, even including $3000 for a 
3D printer [9]. Such an approach can make it significantly cheaper to provide students with hands- 
on experience of Raman spectroscopy.
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3D printing has also been used to build experimental apparatuses aimed at overcoming the low 
sensitivity of Raman measurements. One method for enhancing the signal of Raman spectroscopy 
makes use of a liquid core waveguide, in which the sample is placed in a Teflon- amorphous fluoro-
polymer (AF) tube to provide a longer path length and help capture the scattered light [10]. A major 
issue encountered in this approach is the difficulty of preventing bubbles in the sample. A 3D- 
printed negative pressure module was developed for easy removal of bubbles allowing for fast and 
reproducible analytical measurements.

Another commonly employed method is surface- enhanced Raman spectroscopy (SERS) in which 
samples adsorbed to rough metal surfaces or plasmonic nanomaterials exhibit significantly stronger 
Raman signals. SERS samples are frequently prepared via drop casting, by depositing a solution 
on a surface and allowing the solvent to evaporate. This process often produces inhomogeneous 
samples where the concentration of the target molecules varies with the distance from the center of 
deposition. 3D printing has been used to develop a set of alignment tools to precise position a pipette 
tip used to deposit a sample and the focal point of a Raman microscope relative to one another [11]. 
These simple 3D- printed parts allowed for reproducible sampling at controlled distances from the 
center of a drop on a gold- coated substrate. 3D printing can also offer methods to control plasmonic 
nanomaterials, such as silver nanoparticles suspended in a hydrogel (Figure 3.2) [12]. Extrusion- 
based 3D printing can alter the structure of hydrogels by causing the shear- induced alignment of 
nanofibers. The aligned 3D- printed hydrogel gives a significant signal enhancement compared to a 
hydrogel that had not gone through the printing process.

Pairing Raman spectroscopy with other modalities, such as electrochemistry can provide insight 
that cannot be obtained from either technique operating independently. Conducting these sorts of 
tandem experiments requires the development of new experimental apparatuses, which are often not 
commercially available, that allow electrochemical cells and electrodes to be mounted to a Raman 
spectrometer. The low cost and rapid iteration permitted by 3D printing have enabled the develop-
ment of cheap and versatile electrochemical cells allowing in situ Raman measurements of electro-
chemical film deposition while avoiding expensive components such as quartz plates and platinum 
rings used in previously reported devices [13], [14]. These experiments were able to use Raman 
spectroscopy to probe the chemical changes that occurred as a function of the potential of the elec-
trode. 3D- printed electrochemical cells have also been used to pair voltammetry of immobilized 
particles with Raman spectroscopy. The formation of new compounds at precise locations on the 
electrode surface could be directly monitored almost simultaneously by Raman providing detailed 
insight into the effects of the electrochemical process.

One of the major limitations of the 3D printing- based approaches discussed here is the chemical 
compatibility of 3D- printed parts. FTIR and Raman spectroscopy are widely applied techniques that 
researchers use to investigate a variety of biological, organic, and inorganic systems. If the polymers 
commonly used in 3D printing are incompatible with the target molecules or the solvents they 
are stable in, then 3D- printed parts cannot be employed. Further development of new 3D- printed 
materials with a variety of chemical properties could help broaden the applicability of the types of 
innovations described here.

3.4  MASS SPECTROMETRY

Mass spectrometry (MS) is one of the oldest and most powerful spectroscopic techniques used to  
analyze molecular compounds and mixtures by measuring the mass- to- charge (m/ z) ratio of a mol-
ecule and its fragments. Such ratios can be used to elucidate numerous chemical properties of a com-
pound, including its elemental composition, chemical structure, and isotopic ratios. The detection  
limit of modern mass spectrometers routinely allows studies on femtomole quantities of samples,  
making MS one of the most sensitive analytical techniques available. The information that can be  
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obtained from MS in conjunction with the broad availability of commercial mass spectrometers  
makes MS one of the most used analytical techniques for studying chemical systems. As a result,  
MS has had a profound impact in fields ranging from materials science to biotechnology.

The type of equipment found in a mass spectrometer can differ based on the type of sample being 
analyzed and the information desired to be obtained. However, in general, all mass spectrometers 
consist of a few essential components. First, an inlet system is required to introduce the sample 
of interest to the spectrometer so that it can be analyzed. Next, an ion source is used to ionize 
the molecules in the sample. Ion sources can be categorized as hard or soft sources based on the 
degree of molecular fragmentation that takes place. Depending on the initial sample phase and type 
of spectrometer, conversion of the sample to a gaseous phase, which is required for analysis, is 
accomplished either by the inlet system or the ionization source.

FIGURE 3.2 Schematic representation of the 3D- printed hydrogel (a) without and (b) with NPs. The inset 
in a is an optical image of the hydrogel (mixed with 0.06 g of orange food dye (U8- OSL0- PS8Q, Preema, 
UK) printed on glass. (c) SEM images of the as- prepared and 3D- printed Fmoc- FF. (d) SEM images of the 
as- prepared and 3D- printed Fmoc- FF with Ag NPs. Dye was used only for the inset in a. Figure 3.2 is adapted 
with permission [12]. Copyright 2019, American Chemical Society.
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After ionization, the molecular ions are accelerated via an electric field through a mass analyzer, 
typically consisting of a magnetic or electric field, which separates the different molecular ions 
based on their m/ z ratio. An ion detector is then used to count the number of molecular ion fragments 
with a given m/ z ratio. The ion source, mass analyzer, and ion detector are all kept under a high 
vacuum to prolong the lifetime of the molecular ions as they travel through the spectrometer. Finally, 
a computer is used to translate the data collected via the detector into an interpretable spectrum.

To date, most MS components developed with 3D printing have focused on modifications to the 
inlet system and ion source. Because 3D printing allows for rapid prototyping of components for 
mass spectrometers, its application greatly expands the types of analysis and experiments that can 
be performed. When choosing materials for 3D printing numerous material properties should be 
considered, including heat resistance, chemical compatibility, and resistance to outgassing. Here we 
highlight recent MS hardware developments using 3D printing. For a more comprehensive literature 
review of 3D printing related to MS, the reader is referred to additional sources [15].

With respect to the inlet system, 3D printing has allowed for unique customization of both online 
and offline sample preparation methods. Online sample preparation methods involve direct integra-
tion with the inlet system of the spectrometer, while offline sample preparation methods prepare 
the sample in a separate station before interfacing with the spectrometer. An example of improve-
ment offered by 3D- printed devices for online sample preparation is the ability to monitor chemical 
reactions in real- time. In one case, a 3D- printed polypropylene fluidic device allowed live reaction 
monitoring of the formation of a metal- salt complex using electrospray ionization MS (ESI- MS) 
[16]. The stoichiometry of the reaction was controlled by varying the flow rates of each reactant at 
the individual inlets of the 3D- printed device. In another example, 3D printing allowed for the fabri-
cation of a polypropylene reactor with an internal magnetic stir bar and nanospray ion emitter [17]. 
The magnetic stir bar was incorporated into the reaction device via insertion during the FDM print, 
with the remainder of the housing built around the stir bar following the insertion, something not 
possible with traditional subtractive manufacturing methods. An image of this reactor can be seen 
in Figure 3.3.

One of the fastest growing areas of MS is the development of ambient ionization (AI) methods  
that allow the MS sample to be prepared at atmospheric pressure with minimal sample prep. One  
promising method of AI is paper spray ionization (PSI), which involves soaking a sheet of paper  
with a solvent of interest and then applying a high voltage source to ionize the sample and introduce  
it to the mass spectrometer. One of the disadvantages of the PSI method is the rapid depletion of  
the solvent, which limits analysis time. However, recent developments in 3D printing have allowed  

FIGURE 3.3 (a) Image of polypropylene reactor. (b) A transparent image of a polypropylene reactor with 
individual components is highlighted. A cross- section of the reaction can be seen, where the given dimensions 
are in mm. Figure 3.3 is adapted with permission [17]. Copyright: The Authors, some rights reserved; exclusive 
licensee Royal Society of Chemistry. Distributed under a Creative Commons Attribution License 3.0 (CC BY).
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this analysis to be extended via the integration of polylactic acid (PLA) sample reservoirs. In one  
example, employing a PLA cartridge with a paper tip and dual hydrophilic wicks extended the  
sample spray to tens of minutes [18]. The design of this reservoir allowed fast wetting of the paper  
via one wick placed near the surface of the reservoir, while a second wick placed deeper in the res-
ervoir allowed for an extended supply of solvent to the paper through slow capillary action. In the  
case of the fast- wetting wick, it was found that diffusion of the solvent through the paper occurred  
faster between the paper- PLA interface rather than direct wetting of the paper.

Another AI technique that has benefited from the application of 3D printing is electrospray ion-
ization (ESI). ESI can be challenging under ambient conditions as the number of analyzable ions 
is greatly reduced due to the expansion of the spray before even entering the vacuum region of 
the spectrometer for analysis. However, this challenge of spray expansion was recently overcome 
through the employment of 3D- printed electrodes capable of focusing the ion beam before it enters 
the spectrometer [19]. The electrodes were fabricated using an FDM printer and polyethylene ter-
ephthalate glycol printing material doped with conductive CNT.

A final AI method ripe for the application of 3D printing is low- temperature plasma (LTP) ion-
ization. In this method a plasma, often generated from helium gas, is used to generate molecular 
ions. The low power consumption and simplistic design of LTP probes are attractive advantages, 
and the customized nature of the probes (to date the majority of LTP probes have been home built) 
makes them well suited for production via 3D printing. In one study, an LTP probe 3D-printed 
from PLA and ABS was used to successfully obtain MS spectra of small molecule organic 
compounds [20].

One of the greatest benefits of 3D printing for MS applications is that many of the designs 
mentioned in this section are open source and available to researchers free of charge. However, des-
pite these benefits, several challenges remain that impede the integration of 3D printing into MS. 
For example, many 3D- printing resins are soluble in organic solvents, which can limit the types of 
solvents that can be used in 3D- printed reaction vessels.

3.5  NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY

Nuclear magnetic resonance (NMR) is an extremely powerful and versatile spectroscopic technique 
for the study of chemicals ranging from biomolecules to materials. NMR is a non- destructive spec-
troscopic method that is capable of probing individual atomic sites within a molecule at atomic 
resolution. Over the last few decades, NMR has proven to be an indispensable tool for the structural 
determination of organic compounds and biomolecules such as proteins and has found additional 
applications in emerging technological fields such as battery applications, among others.

NMR is most used to study chemical systems in a liquid or solid state. Generally, the type of 
equipment used is similar regardless of physical state. First, a superconducting magnet (typically in 
the range of 9– 28 tesla) is used to generate an energy level splitting between the nuclear spin states 
in a sample. The sample itself is housed within a chamber with an RF coil surrounding it. The pur-
pose of this coil is two- fold: it transmits RF radiation to the sample where it is absorbed and acts 
as a receiver to detect the corresponding RF radiation that is emitted from the sample. The RF coil 
and sample chamber are part of the NMR probe which sits within the bore of the superconducting 
magnet.

In solution state NMR the sample is typically placed in a glass NMR tube while in solid- state 
NMR the sample is typically placed into a ceramic NMR rotor and fitted with a microturbine cap. 
In the latter case, this rotor is placed into a stator and the sample is pneumatically rotated at a fixed 
angle (54.74°) at frequencies that can exceed 7 million RPM. This technique is referred to as magic 
angle spinning (MAS) and is used to substantially improve the resolution of NMR experiments on 
solid- state samples. Finally, the spectrometer itself is used to generate the necessary RF pulses for 
exciting the nuclear transitions. The spectrometer typically consists of RF transmitters, high- power 
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amplifiers, and a receiver unit that translates the analog RF signal into a digital format that can be 
processed by a computer.

Over the last several years there has been a substantial increase in the application of 3D- printed 
materials to enhance the performance of NMR equipment. This has been driven by a need for low- 
cost, open- source equipment that can be rapidly customized and produced. In this section, we high-
light a few of the most prominent examples of 3D printing related to NMR. For a more extensive 
review, the reader is referred to other literature [21].

One of the first examples of 3D printing components for NMR spectroscopy is the fabrication 
of 3D- printed sample exchangers for dynamic nuclear polarization (DNP) NMR [22]. DNP is a 
powerful technique that significantly improves the sensitivity of an NMR experiment by trans-
ferring the abundant spin polarization of electrons to the nuclei of interest via microwave irradi-
ation. DNP experiments are most efficient when performed at low temperatures, typically <- 173°C. 
Furthermore, because the sample must be rapidly cooled, the NMR rotor must be inserted into the 
probe at a low temperature. Despite these challenging temperature requirements, 3D- printed eject 
pipes were fabricated that allowed for seamless insertion and ejection of MAS rotors at temperatures 
of - 173°C. The eject pipes were not only able to handle the extreme temperatures necessary for DNP 
experiments, but also the extreme thermal cycling that occurs between different probe cooldown 
cycles.

While most NMR coils in MAS NMR consist of a uniform pitch solenoid coil, non- uniform pitch 
coils offer improved RF homogeneity and microwave access for DNP experiments. One example 
of using 3D printing to create non- uniform pitch coils involves the fabrication of dissolvable coil 
inserts [23]. In this example, CAD software allowed the straightforward design of templates on 
which coils were wound with variable pitch. The coil templates were 3D printed from ABS material 
on an FDM printer. After winding the coil around a template, the template was then dissolved in 
acetone, leaving behind just the coil with the given template geometry. This approach allows easy, 
rapid, and reproducible prototyping of coil designs.

Stators used for MAS NMR experiments are capable of spinning rotors at extremely high rota-
tion frequencies, currently up to ~7 million RPM. However, to accomplish this, the individual 
components of the stator must be fabricated to very tight tolerances, sometimes on the order of a 
few microns. As such, it is often difficult to manufacture these MAS stators with traditional addi-
tive manufacturing methods. However, recent work has shown that it is possible to fabricate many 
stator components using a combination of ceramic and plastic SLA printing, thus greatly redu-
cing the overall fabrication cost of the stator [24]. Additionally, it was shown that the cost of cer-
tain consumables such as MAS drive caps, which function as microturbines and enable sample 
rotation, could be greatly reduced as well. Using the Protolabs proprietary resin microfine green, 
researchers were able to fabricate 3.2 mm drive caps capable of reproducibly spinning at frequencies 
of 1.2 million RPM for periods of weeks at a time with comparable performance to commercially 
machined drive caps. An image of the 3D-printed stator mounted to a spinning test station and NMR 
probe can be seen in Figure 3.4.

While most MAS stators are designed to spin cylindrical rotors, a recent development in MAS  
NMR is the implementation of spherical rotors [25]. Initial tests with 9.5 mm diameter spherical  
rotors found that they were able to spin to 636,000 RPM using helium gas in a 3D- printed stator.  
The stator design requirements for spherical rotors are significantly different than that of stators for  
cylindrical rotors. Therefore, when designing initial prototypes of the stator it was highly convenient  
to use 3D printing to rapidly iterate through stator designs with minor modifications. As the size of  
spherical rotors began to shrink it was found that further modifications need to be made to the stator  
design [26]. For 2 mm MAS spheres, the aperture for the bearing gas had to be reduced to 0.4 mm,  
a significant challenge for most commercial 3D printers. It was also discovered that smaller spher-
ical rotors had difficulty remaining in the stator and would tend to eject during spinning. The issue  
was eliminated by 3D printing a ‘cage’ as part of the stator design, thus keeping the sphere in place.  
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Using these design modifications the 3D- printed stators were capable of spinning 2 mm spherical  
rotors to > 4 million RPM using helium gas.

3D printing has also been used extensively to fabricate non- MAS NMR components. One example 
of this is using 3D printing to make custom NMR probe heads [27]. The authors utilized both FDM 
and SLA printing methods followed by a liquid metal injection step to fabricate high complexity, 
custom radio frequency coils, as shown in Figure 3.5. These inductor designs were optimized for 
improved sensitivity over previous designs that were limited by conventional fabrication methods. 
This work represents important progress toward low- cost magnetic resonance imaging (MRI) coils 
in addition to in situ- reaction monitoring.

In another example, researchers were able to 3D print a low- cost, easy- to- use autosampler for a 
benchtop NMR system [28]. The autosampler could store 30 samples at a time for solution NMR 
analysis, significantly increasing the throughput of the system which had previously required 
manual insertion of the sample. Both the CAD designs and software for controlling the autosampler 
are open- source and readily available to the research community.

Continued miniaturization of RF transmit and receive coils is critical for magnetic resonance 
devices, and recently realized using two- photon polymerization 3D printing. This printing strategy 
was used to fabricate sub- nanoliter (sub- nL) microfluidic channels on a single chip NMR probe with 
a resolution better than 1 μm3 [29]. The high- resolution printing method enabled fabrication of the 
detection coil 10 μm from the sample, which allowed the detection of low concentrations (6 × 10−12 
moles) of intact biomolecules at 0.1 parts per million spectral resolution.

Despite the immense progress that has been made with respect to additive manufacturing in  
NMR, several challenges remain. One challenge is that NMR equipment often consists of small parts  

FIGURE 3.4 (a) Top and (b) front view of 3D-printed stator assembly mounted on 3D-printed spinning 
test station. (c) 3D-printed stator mounted on triple- resonance NMR probe. Reprinted with permission [24], 
Copyright 2022, Elsevier.

 

 

 

 

 



46 3D Printing: Fundamentals to Emerging Applications

with tight tolerances. As of now, most commercial 3D printers for use in labs still offer tolerances  
in the range of one hundred microns, limiting the type of equipment that can be manufactured for  
NMR. Additionally, many NMR applications, particularly in MAS NMR, require airtight parts. This  
can often be difficult to achieve with certain printing processes such as FDM. Another challenge to  
consider is the chemical composition of the printing material. Most 3D- printing materials are made  

FIGURE 3.5 Both (a) fused deposition modeling (FDM) and (b) stereo lithography appearance (SLA) 
techniques are used to fabricate a complete probehead (c) layer- by- layer according to the simulation design. 
(d) Liquid metal is perfused into the model through the injection hole to form an RF coil. (e) The RF coil is 
connected to the matching circuit by two copper strips to form a complete probe. The entrance and exit of the 
liquid metal channel are completely sealed with silver paste. Various 3D- printed probeheads suitable for MR 
applications can be fabricated and utilized, including (f) U- tube saddle probehead (SAP), U- tube Alderman- 
Grant probehead (AGP), reaction monitoring probehead (RMP), electrochemical reaction monitoring probehead 
(ECP), gradient probehead (GP) for MR, and (g) modified solenoid imaging probehead (MSO), modified 
Alderman- Grant imaging probehead (MAG) for MRI. The coil channel of MSO probehead, before and after 
the liquid metal perfusion, are also shown. Figure 3.5 is adapted with permission [27]. Copyright: The Authors, 
some rights reserved; exclusive licensee Nature Publishing Group. Distributed under a Creative Commons 
Attribution License 4.0 (CC BY).
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of organic compounds abundant in carbon and hydrogen, so care must be taken to ensure that these  
materials do not produce background signals in NMR spectra.

3.6  CONCLUSION AND OUTLOOK

We have herein reviewed several notable applications of 3D- printing technologies that have enabled 
advances in molecular and atomic spectroscopies. From applications in UV/ VIS, FTIR, Raman, 
MS, and NMR, 3D printing has allowed researchers to perform innovative experiments that would 
be otherwise expensive or not readily accessible due to limitations with existing commercial tech-
nology. Across spectroscopic methods, the wide range of chemically compatible resins and material 
properties supporting a variety of experimental conditions illustrates the robust performance and 
capabilities of 3D printing. Moreover, in many applications reviewed, sub- micron tolerances were 
achieved using 3D printing. Continued miniaturization of spectroscopic devices is of primary interest 
to researchers in academia and industry alike. In the future, we anticipate additive manufacturing 
will continue to become a primary fabrication method in both research and commercially available 
spectroscopic devices. As the resolution and material properties available under 3D printing con-
tinue to evolve and advance so too will the complexity of the components fabricated.
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4.1  INTRODUCTION

The energy and climate crisis forced researchers to find alternative energy sources. The excess 
exhaustion of natural sources and emission of greenhouse gases creates a dangerous threat to human 
beings. To avoid future disasters, alternative energy sources are very much required. Worldwide 
research has been trying for some breakthroughs. Although several new materials and devices, such 
as batteries, supercapacitors, solar cells, and fuel cells are being developed to overcome the current 
energy crisis issue. A reliable development is still an ongoing search. In the past decade, inten-
sive research has been engrossed in the development of new highly conducting porous structures 
with higher surface area and excellent cycling stability for energy storage applications. In contrast, 
recently the research has intensified to the fabrication of smart, small, highly efficient devices and 
assembly of electrodes and electrolytes [1]– [3].

Meanwhile, a new technique, 3D printing (Additive Manufacturing (AM)), has been developed 
to answer most of the questions. It is the technique that can produce physical 3D objects from 
the geometrical representation by continuous addition of material [2]. This phenomenal technique 
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was developed by Charles Hull in 1980 and experienced remarkable growth afterward. The artifi-
cial heart pump, cornea, jewelry designing, rocket engine, Netherland steel bridge, and many more 
applications in the aviation industry, food industry, agriculture, locomotive industry, etc. proves this 
technique for futuristic applications. The layer- by- layer deposition develops the 3D structure from 
computer- aided design (CAD) drawings, or prototypes is the basic concept of 3D printing. This 
is truly a noble innovation with versatile applications. The stream of ink from the nozzle during 
the printing process in a vertical direction generates different preferred architectures for advanced 
applications. In addition, a wide range of materials such as polymers, ceramics, composites, 
metal alloys, food, textile, etc., are used in extrusion- type 3D printing. One of the most innovative 
approaches to building 3D objects is 3D printing [4], [5].

Furthermore, 3D printing is one of the best powerful techniques that help in the fabrication of 
devices from the macro scale to the nanoscale. It can build 3D structures with enhanced energy 
and power density devices by controlling the device’s spatial geometries and architectures in a fast 
and cost- effective way. The high standards of printing inks, with anticipated viscosity, high yield 
stress under shear and compression, and meticulous viscoelasticity are the most important factors 
required to perform 3D printing. Along with that, active material properties affect the performance 
of devices. The 3D printing technique is subcategorized into several types such as (a) material extru-
sion (i.e., direct ink writing, fused deposition modelling), (b) material jetting, (c) powder bed fusion, 
(d) vat photopolymerization, (e) binder jetting, (f) sheet lamination (i.e., laminated object manufac-
turing and (g) directed energy deposition [6]– [7].

In recent years, 3D printing has been an emergent fabrication method for the energy domain, 
specifically energy storage owing to its ease of designing, comprehensive stages of fabrica-
tion, cost- effectiveness, and eco- friendliness. This technique further explored a broad range of 
applications in various advanced fields such as biotechnology, engineering, energy, electronics, 
etc. With the help of this emerging technique, electronic, biomedical, and energy storage 
fields are more benefited. The suitable inks with high viscosities are developed to print ideal 
architectures, and the shear- thinning rheological properties are being well studied to avoid 
their collapse. 3D-printed electrodes have faster ion/ electron transport properties by tuneable 
composition and controlling the physical properties of the printed devices. Also, the thickness 
and active material loading in the printed electrode layers facilitates ion/ electron conductivity, 
further enhancing the energy and power density. By following the 3D printing technique, the 
manufacturing costs have been reduced with the lowered material waste. It provides an elec-
trode with a larger specific surface area, which supports the shorter ion transport distance and 
a higher mass loading of active materials to develop an efficient energy storage system. The 
enormous advantages and compatibility with curved and flexible substrates have compelled 3D 
printing as the most utilized and facile technique for future generations.

3D printing technology has been used to build different electrochemical devices such as recharge-
able batteries [8], lithium- sulfur batteries [9], lithium- ion micro- batteries [10], supercapacitors [11], 
fuel cells, [12] and solar cells [13] along with various electrodes are developed for electrochemical 
sensing applications [14]. Furthermore, other accessories for energy storage and conversion devices 
such as electrodes, electrolytes, and collectors are also developed by this advanced technique. 
Figure 4.1 represents the energy materials used in 3D printing and their use in energy conversion 
and storage devices. Solid oxide fuel and electrolysis cells have also emerged as promising energy 
conversion candidates by using the 3D printing technique by overcoming the shape limitations.

The available different energy materials such as different polymers, different graphene- based  
materials, carbon- based materials, fibers, textile materials, metal- based materials (MXenes, metal-  
organic frameworks (MOFs), nanocomposites, etc.), and aerosol, have reinforced the modern energy  
world to develop energy devices with feeble limitations. Generally, all the energy materials used for  
the different energy storage and conversion applications can be used in the 3D technique. They are  
known to show promising results as compared to traditional synthesis techniques. For instance,  
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carbon materials with chemical stability and multipurpose nanostructures are the most used material  
for the 3D technique. Other explored carbon forms include graphene oxide (GO), carbon aerogel,  
carbon nanotubes (CNT), carbon blacks, etc. Moreover, 3D printing techniques enable us to ration-
alize the tailored architectural design for the graphene electrodes over multiple nanoscales. This  
has also been an extensive study since these as- printed devices can provide adequate electrochem-
ical properties and could potentially be applied in printed devices and surpass even the already  
established technology/ devices available from the conventional fabrication methods [15]– [16].

Likewise, the most challenging and futuristic energy material, MOFs and MXene, shows 
promising results in the field of supercapacitor and battery fabrication. The growth in the use 
of different energy materials in 3D printing is increasing with the passing of years can be 
observed in Figure 4.2. One can blindly believe that the 3D printing technique will solve the 
unanswered questions in the energy sector and will cover all the lacuna over the different syn-
thesis techniques for the energy storage / conversion device fabrication. In this chapter, the state- 
of- the- art different energy materials used for the energy storage/  conversion device fabrication 
have been briefly discussed. Further, the advantages and disadvantages of energy material in 
3D printing have been discussed. To close, a conclusion and future outlook are provided, with 
current challenges on how to make the 3D printing technique feasible, for energy device fabri-
cation, which will further direct future research.

4.2  ENERGY MATERIALS FOR 3D PRINTING

The 3D printing processes are rational and more tailored than the traditional fabrication methods 
and facilitate desirable architecture or pore dimensions. In principle, designing and manufacturing 
the electrodes are critically the most important. However, the active materials and microscopical 
structures collectively influence the overall performance of the 3D- printed electrodes. This section 
critically discusses and summarizes the research progression in recent years, based on the different 
categories of material for energy storage, in printing technology.

FIGURE 4.1 A flow chart on elaborating energy materials in 3D printing: Different energy materials, device 
fabrication, and other applications.
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4.2.1  carBon- Based Materials

Carbon- based materials, including graphene, carbon aerogels (CAs), carbon nanotubes (CNTs), 
carbon nanofibers, and activated carbons (ACs), exhibit preferable advantages such as adequate 
chemical stability, enormous specific surface area, and controllable porosity for the electrolyte ions 
[17], [18]. Therefore, various carbon- based materials are realized vividly as electrode materials 
with unique characteristics such as electronic conductivity and high specific surface area are used.
for energy storage devices such as LIBs, SCs, and energy conversion systems.. Therefore carbon, 
aerogels and graphene are being extensively employed as active electrode materials in the 3D- 
printing for various energy applications [19], [20].

4.2.1.1  Graphene- Based Materials
Among the varied active carbon- based materials, graphene has been established with superiority 
in comparison to other carbon materials in terms of its applicability. It possesses adequate intrinsic 
capacity and appreciable mechanical strength and is endowed with flexibility and excellent elec-
trical conductance. In recent times, significant progress has been made in the 3D- printing tech-
nique, specifically the inkjet technique for graphene- based materials, as it is widely recognized 
for 3D printing due to its superlative rheological properties. First, 3D-printed graphene- based SC 
was fabricated by Li and the group, in which GO dispersed inks were used for printing the 3D 
graphene electrodes [21]. Here in, a symmetric device- based supercapacitor fabricated from the 
3D-printed graphene- based electrodes, which demonstrated appreciable capacity, was assembled. 
The as- printed electrodes have shown an ordered porous structural organization and adequate elec-
trical conductance. Similarly, Jiang and the group designed 3D GO electrodes with hierarchical 
architectures. The printed GO gel ink displayed an enhanced super- capacitive and cyclic perform-
ance ascribed to perfectly designed macro- and mesopore structures and interconnected conductive 
skeletons [22].

However, it has not been extensively adopted by many industries, largely due to practical  
complications involving poor efficiency, high cost, and minimum practicability of mass production,  
which need to be critically addressed. As such, Tagliaferri et al. developed a cost- effective approach  

FIGURE 4.2 The progress in the use of energy materials for 3D printing applications. (Source: Scopus).
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based on the 3D printable graphene electrode. They also demonstrated the preparation of inks  
for the pristine graphene without requiring high process temperature and chemical additives. The  
electrodes could surpass the performance of already reported 3D-printed carbon- based materials  
[23]. Various kinds of printing materials have been developed with the dimensional expansion of  
graphene, allowing the printing method to be used for electrochemical systems. For instance., Wei  
et al. fruitfully fused the graphene with a thermoplastic polymer, such as acrylonitrile- butadiene-  
styrene, to create a 3D-printed filament (with a 5.6 wt% loading amount of graphene). This graphene  
filament could be manufactured into computer- designed models using a low- cost 3D printer with an  
electrical conductivity of 1.05 ×10−3 S/ m. A functional electrode for electrochemical devices could  
be made using these 3D printing electrodes (Figure 4.3) [24].

Despite the well- established procedures for the 3D-printed graphene materials and successful 
diversity in the printed architectures such as nanowires, aerogel- based micro lattices, and com-
plex networks. The fabrication processes of 3D objects with high precision and accuracy need 
to have better control over the designing and rationalizing of miniaturized devices. This new 
emerging field requires vigorous efforts to develop standard protocols for successful 3D fab-
rication of electrodes for energy storage and conversion technology. Furthermore, there is an 
acute need to stabilize post- treatment such as pyrolysis or post- reduction procedures for the 
as- printed architectures to increase the phase purity and degree of reduction of graphene. The 
graphene and polymer composite (Figure 4.4) are used for the 3D printing to fabricate the 
device, and it shows that future research must realize the importance of combining the current 
standardized printing procedures with other processing methods to obtain highly resolved well- 
structured electrode materials [24]– [26].

FIGURE 4.3 The use of graphene as energy material for 3D printing by Fudan University. Adapted from 
reference [24]. Copyright (2015), Springer Nature. Distributed under a Creative Commons Attribution License 
4.0 (CC BY).
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4.2.1.2  Carbon Aerogel
As mentioned, the electrode materials having hierarchical macro and micropore architectures are efficient 
in ion diffusion, enhancing the rate performance for the SC when subjected to faster charging- discharging 
cycles. 3D printing generates a lattice structure with hierarchical and porous channels to be formed. For 
instance, Yao et al. fabricated a 3D- printing- based multidimensional carbon aerogel by combing chem-
ical and direct ink writing techniques. The as- synthesized electrode material having high porosity and 
surface area of ∼1750 m2/ g was also operational at low temperatures. The fabricated symmetric assembly 
achieved an appreciable capacitance of 148.6 F/ g at 5 mV/ s with capacitance retention up to 71.4 F/ g at 
a scan rate of 200 mV/ s. The study is crucial to understanding the open porous structures’ influence on 
preserving capacitive performance at ultralow temperatures [27].

4.2.1.3  CNT- Based Materials
Considering the materials perspective, CNTs also have an immense perspective as electrode 
materials owing to their feeble toxicity and cost- effectiveness. Moreover, their remarkable mechan-
ical strength, appreciable conductivity, and larger surface area can be enhanced for better perform-
ance of the as- fabricated device via attaching surface functional groups. 3D printing or additive 
manufacturing offers a propitious solution to reduce the cost associated with fabrication. It tends 
to provide less chaotic steps to generate complex 3D structures. CNTs- based 3D-printed micro- 
supercapacitors (MSCs) developed by Prof. Ding and his group shows a novel technique, fabricated 
self- standing electrodes using varied ink concentrations of CNTs. They also demonstrated excep-
tional durability and reliability in terms of capacity, suggesting a futuristic CNT- based device with 
high power and promising results in the energy storage field [28].

4.2.2  conductiVe PolyMer

Conductive polymers, another class of electrically conducting materials, have outstanding mech-
anical flexibility and appreciable printing ability. The commonly explored conducting polymers, 
especially for energy storage and conversion, are polypyrrole (PPy), polyaniline (PANI), and 
polythiophene (PTh),) and poly(3,4- ethylenedioxythiophene) PEDOT). Among them, PEDOT 
is majorly the potential material, because of its highly conductive nature and remarkable sta-
bility under ambient conditions, with a wide range of applications. The enhanced perform-
ance of PEDOT- based 3D-printed electrodes could be attributed to their exceptional viscoelastic 
nature. Considering these attributes, Wei et al. reported multidimensional structures based on the 
poly(3,4- ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS) with tunable structures 
and structural patterns. This work provides a simple, scalable approach to synthesizing electrode 

FIGURE 4.4 Optical images of the 3D printable graphene/ PLA (A), the 3D printing process (B), and a 
variety of printed 3DEs (C). Adapted from reference [26]. Copyright (2017), Springer Nature. Distributed 
under a Creative Commons Attribution License 4.0 (CC BY).
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materials, which could be a probable solution for developing flexible electronic devices [29], [30]. 
Furthermore, various conducting polymer- carbon composites can be used in 3D printing and can 
be directly employed as electrodes. For instance, a PEDOT: PSS- based electrode 3D printed on a 
cellulose template provides new horizons for the large- scale development of flexible SCs. The prac-
ticality of cellulose was to provide the adequate mechanical strength to fabricate thick- electrode SCs 
following a stencil- based printing procedure. Moreover, this facile amalgamation of PEDOT: PSS 
and carbon, having a minimum quantity of PEDOT: PSS, was reported to have enhanced perform-
ance as compared to standard commercialized SCs of activated carbon and carbon black in terms of 
the optimal device performance and cost- effectiveness.

Considering these attributes, a high- performance 3D printable ink based on one of the most 
extensively used conducting polymers PEDOT: PSS was developed. To achieve rheological qualities 
suitable for 3D printing, as shown in Figure 4.5. They presented a PEDOT- based high- performance 
3D printable conducting polymer ink: PSS capable of fabricating highly conductive microscale 
structures and devices with inherent flexibility. Moreover, the work showed how to make a high- 
density flexible electronic circuit and a soft neural probe using 3D printing, which is facile, rapid, 
and greatly simplified. This research not only solves current issues in conducting polymer 3D 
printing but also proposes a viable fabrication technique for flexible electronics, wearable devices, 
and bioelectronics using conducting polymers.

In addition to the novel carbon/ conducting polymer composites used for 3D printing in energy  
applications, a currently evolving class is conductive polymer hydrogels with the functionality of  
hydrogel and the electrical conductivity of carbon- based materials, conducting polymers, metal  
oxide, electrolytic ions, etc. The conductive polymer- based hydrogels help in inheriting the profit-
ability of both the phases, viz., liquid, and solid, making them propitious to be used as sensors and  
wearable/ portable electronic devices (Figure 4.6), and most importantly, flexible energy- storage  
devices. In the case of flexible electrochemical SCs, these distinctive conductive polymer- based  

FIGURE 4.5 SEM images of 3D- printed different mesh size energy material fabricated by conducting 
polymers. Adapted from reference [31], Copyright: The Authors (2020), Springer Nature. Distributed under a 
Creative Commons Attribution License 4.0 (CC BY).
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hydrogels can serve as practical contenders as conventional electrode and electrolyte materials due  
to their appropriate electrical, mechanical, and chemical properties [32].

Therefore, 3D printable technology is a facile and reliable approach for preparing conducting 
polymer hydrogel- based active material into a fully integrated energy device. Developing these 
electrically conductive polymer- based hydrogels, which are consistent in the printing, could be 
another futuristic approach, which must be done via acute precision in assembling the SCs or energy 
storage devices. For instance, Pan et al. reported a unique and approachable synthetic procedure to 
obtain diverse micropatterned structures of the polyaniline hydrogel using ink- jet printing. The as- 
assembled electrode demonstrated appreciable surface area with 3D porous microstructures with 
enhanced performance as SC electrodes. Considering this work, these conducting polymer- based 
hydrogels could probably be appealing contenders in bio- medical/ implantable electronic devices 
with a propitious future as next- generation energy electrodes [33].

4.2.3  fiBer- Based Materials

In recent times, advancements in portable electrochemical energy storage (EES) devices have 
facilitated the use of lightweight, flexible and wearable electronic devices. However, the cur-
rently commercialized EES devices cannot meet the required energy demands. The hindrance to 
the effective use of the commercialized devices is the expenses associated with fabrication, rate 
performance, and durability [34]. To deal with this, numerous prospective have been followed to 
enhance the material’s properties like flexibility and stretchability using 3D printing.

Several research groups have constantly explored novel active materials with inherited flexibility 
and unique design to improve their usability in energy applications. For instance, Peng and the 
group demonstrated flexible and wearable wire- shaped electroactive materials with excellent rate 
performance as the super capacitive electrode. Chou and his co- workers also showed the assem-
bling of wire- shaped ASCs based on CNTs- based fibers and compared its rate performance with 
MnO

2
- decorated CNT fibers. The as- designed electrode showed ideal tensile strength. Many efforts 

FIGURE 4.6 Sequential snapshots for 3D printing of high- density flexible electronic circuit patterns by the 
conducting polymer ink for lighting up an LED on the 3D- printed conducting polymer circuit. Adapted from 
reference [31], Copyright (2020), Springer Nature. Distributed under a Creative Commons Attribution License 
4.0 (CC BY).
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have been directed towards one- step dimensional materials, including fibers, wire, and rods, to gen-
erate extremely compressed and flexible energy storage devices which can effortlessly be woven 
into textile- based portable/  implantable electronics. Further, it can be used safely for a wide range 
of applicability in energy harvesting [35]. In the past few years, 3D printing has drawn significant 
attention owing to the appreciable electrochemical performance associated with the unique con-
struction of EES devices compared to traditional fabrication methods. Zhao et al. used 3D-  direct ink 
writing to assemble the ASCs composed of a single- walled carbon nanotube (SWCNT)/ V

2
O

5
 fibrous 

cathode and an SWCNT/ VN as an anode. The group reported exceptional values of specific cap-
acitance (C

s
) for the 3D printed fibers asymmetric supercapacitors, which is much higher than the 

reported 1D SCs [36]. A novel type of MSCs comprising hybrid multi- dimensional Fe
2
O

3
/ graphene/ 

Ag ink was reported by Hou and the group through 3D direct ink writing. The all- solid- state MSC 
device exhibited optimal performance with the areal capacitance of 412.3 mF/ cm2 at a current 
density of 2 mA/ cm2 and capacity retention of 89% up to 5000 charging and discharging cycles. This 
remarkable super capacitive performance could be attributed to adequate electrical transportation 
between the graphene nanosheets and 1D Ag nanowires and pseudocapacitive contributions from 
metal oxide nanoparticles. The printed devices exhibited reliability, flexibility and demonstrated a 
proficient route for advanced miniaturized EES devices [37].

4.2.4  nanocoMPosites using 3d Printing technology

The use of nanocomposites in a wide range of applications, from electronics to electromagnetic 
interference shielding, energy storage to batteries, sensors, and even lightning strike protection in 
airplanes, is becoming increasingly popular. The production of conductive nanocomposites can be 
carried out using various traditional methods. Compression molding, solvent- casting, and injec-
tion molding are some of the techniques available. Even though these approaches are effective, the 
requirement for creating molds in these methods prompts researchers to consider any other methods 
that do not necessitate the creation of molds for each building [38].

3D printing technology is a highly effective technology that offers an alternative to conventional 
ways while also providing the advantage of not having to create molds for each structure. Various 
kinds of 3D printing technology techniques have been used to synthesize nanocomposites. This 
section of the chapter briefly summarizes different reported nanocomposites (synthesized using 3D 
printing technology) and used in various applications over the years. 3D printing is an adequate 
technique that ensures the homogenous dispersion of nanoparticles, prevent them from aggregating, 
and minimizes defects such as microcracks or voids in the matrix, improving their dielectric prop-
erties. Considering these facts, Kim et al. studied the effect of adding BaTiO

3
 and MWCNT into 

PVDF polymer for improved dielectric properties. It was observed that 3D printed polymer exhibits 
a higher dielectric constant value than solvent cast polymer, which can be attributed to the extru-
sion process of the filament. Along with these benefits, the addition of BaTiO

3
, has significantly 

enhanced the energy storage capability. With the addition of MWCNT, the size of defects such as 
voids and microcracks has reduced significantly [39]. When the benefits of 3D printing are merged 
with electrically conductive materials, obtained 3D-printed nanocomposites can be used for various 
applications. Electronic Sensing is one such great application. Farahani et al. fabricated 3D free-
standing patterned strain sensors comprising single- walled carbon nanotubes/ Epoxy nanocomposites 
with very high electromechanical sensitivity, i.e., prepared composites is highly sensitive to even 
very small mechanical disturbances (with a gauge factor of about 22) [40].

4.2.5  Mof- Based structures using 3d Printing technology

Metal- Organic Frameworks (MOFs) are promising nano porous functional materials that 
have piqued the interest of researchers for a variety of essential applications, ranging from 
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electrocatalysis to photocatalysis, energy storage to batteries, sensing to gas storage and separ-
ation. This class of materials was distinguished by their excellent stability, high porosity, large 
surface area, and excellent structural and compositional flexibility [41]. While a wide variety 
of MOFs has been synthesized on a smaller laboratory scale, only a few have transitioned to 
large- scale industrial applications and commercialization. It is imperative that after processing, 
the MOFs should maintain their unique properties of high surface area and high porosity to ful-
fill the requirements for large- scale applications. Because MOFs are typically synthesized as 
bulk crystalline powders that are ineffective for large- scale industrial applications, forming and 
consolidating MOF structures into monoliths is a critical but often disregarded element of the 
manufacturing process [42]– [43].

Incorporating MOFs into polymer matrix before molding them into valuable structures (such as 
filaments, spheres, films, and granules) is necessary to consolidate MOF structures into monoliths 
[2]. As of now, there are three main ways by which this goal can be achieved. The most common 
method is palettization, i.e., forming pellets and granules by hydraulic pressing MOF powders. 
Although this method is rapid and straightforward, at the same time, it blocks the accessible porous 
sites of MOFs and causes mass transfer limitations. The second method of achieving the goal involves 
growing MOF on functionalized support like carbon fibers. Apart from the various advantages of 
this technique, its more extended synthesis time feature limits its usage for industrial applications. 
Therefore, when MOFs are transformed into monoliths by the above two routes, their porosity is 
restricted by the matrix materials used in the conversion process, contamination from equipment can 
occur, and crystallinity gets altered by the mechanical forces used in the conversion process. So, the 
third route of 3D printing has gained much attention because it permits the fabrication of multiple 
complex parts using the same machine, with significantly less waste than traditional manufacturing 
methods. Besides this technique works without the need for expensive retooling [41].

3D printing technology has been used to manufacture various MOF- based products up to this 
point. These MOF- based materials, which were created with 3D printing technology, have been used 
in various applications, including catalysis, water remediation, sensing, biological applications, and 
so on. This section of the chapter briefly summarizes different reported MOF- based materials (which 
have been synthesized using 3D printing technology) used in various applications over the years.

4.2.5.1  MOF- Based Structures Using 3D Printing Technology for Electrocatalytic 
Applications

Electrically conductive materials such as glassy carbon (GC), fluorine- doped tin oxide (FTO), indium 
tin oxide (ITO), and conductive foams are routinely used in electrochemical energy conversion 
research. Still, their high cost and smaller geometric surface area limit their application to a larger 
scale. For the fabrication of conductive electrodes for electrocatalytic applications, with customiz-
able shape and geometric surface area, newly developed 3D printing technology, such as selective 
laser melting (SLM) and fused deposition modelling (FDM), are simple and low- cost alternatives 
to traditional methods. By use of 3D-printed technology, Ying et al. reported ZIF- 67/ Ti- E electrode 
for electrocatalytic oxygen evolution reaction (OER). Compared to other electrodes created using 
the widely utilized calcination process, the ZIF- 67/ Ti- E electrode has shown superior OER per-
formance with outstanding durability and a low overpotential of 360 mV at a current density of 0.01  
A/ cm2 [44].

4.2.6  Mxene- Based structures using 3d Printing technology

Recently, the most prevalent, versatile with a wide application range, two- dimensional carbides, 
nitrides, and carbonitrides (of early transition metals), commonly referred to as MXenes, have 
drawn attention. MXenes are synthesized from MAX phases composed of layered ternary carbides 
with the general formula A

n+ 1
 BX

n
, where A is generally a transition metal (Zr, Ta, Sc, Ti, V, Cr, Nb, 
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Zr, Mo), B is a group 12– 16 element (Cd, Al, Pb, Ge, Si, P, Pb, S, Ga, As, In, Sn, Tl), and X is carbon 
or nitrogen. MXene possesses unique properties such as hydrophilicity, high surface area, high 
electrical conductivity, larger interlayer spacing, excellent structural flexibility, and good thermal 
stability, which is a promising material for energy application [45].

Despite their superior characteristics, aggregation, and self- restacking of single or multiple layers 
of nanosheets are typically unavoidable during the electrode fabrication process because of the 
strong van der Waals interactions and hydrogen bonding (existing between neighboring nanosheets). 
Due to the limitations in electrolyte ion accessibility caused by these processes, complete usage 
of the functional surfaces of MXenes is hindered, resulting in a reduced electrochemical activity. 
To overcome these challenges, 3D architectures using 3- D printing technology are emerging as 
one promising solution. By using 3- D printing technology, 3D architectures can be constructed 
from 2- Dimensional MXenes, with several advantages. The abundance of channels in 3D MXene 
frameworks favors faster electrolyte diffusion. Their excellent electrical conductivity makes them 
ideal active materials for the rapid transport of charge carriers in 3D MXene architectures.

Moreover, in the 3D MXene structures, the large specific surface area of MXene nanosheets can 
be maintained because each nanosheet is effectively prevented from restacking. As a result, many 
electrochemically active sites can be exposed to the electrolyte, allowing for enough electrochem-
ical reactions to occur. There are many functional groups (OH, F) present in 3D MXene, which 
causes enhancement in the active sites of 3D MXene. Due to the abundance of these functional 
groups, 3D MXene structures can be easily constructed with varying degrees of complexity and 
functionality. Such 3D structures enable effective charge transport across electrodes to maximize 
the use of active materials [46].

Supercapacitors are regarded as promising candidates for power devices in the future. They have 
a greater capacity for energy storage than traditional capacitors and can deliver it at a higher power 
density than batteries. Combined with their excellent cyclability and stability, these characteristics 
make Supercapacitors an excellent energy storage solution [47]. Traditionally, materials like 
Carbon, Metal oxide, Conducting Polymers, and Metal sulfides are used as a material for electrodes. 
Although having various advantages of these materials, the electrode of these material suffers from 
a shorter life cycle and limited electrical conductivity. MXene is emerging as a promising solution 
to overcome these issues, which provides faster electron and ion transport and higher volumetric and 
areal capacitance [46], [48]. So, by using 3D printing technology, 2D MXenes incorporated into the 
3D framework provide advantages of higher surface area, higher electrical conductivity, and faster 
electron and ion transport. In this regard, Redondo et al. Ti

3
C

2
@3DnCEs (i.e., Ti

3
C

2
 functionalized 

3D- printed nanocarbon electrodes) with about three- fold enhanced capacitance and excellent cap-
acitance retention ability [49]. 2D titanium carbide (Ti

3
C

2
T

x
) MXene inks are developed without any 

additive or binary solvents, by Valeria Nicolosi and her group for 3D printing, which shows excel-
lent electrochemical behavior with a volumetric capacitance of 562 F/ cm3 and energy density of 
0.32 µWh/ cm2 [11]. The use of Ti

3
C

2
T

x
 in the development of micro- supercapacitors by 3D printing 

is summarized by the Nicolosi group and presented in Figure 4.7.
Energy storage devices such as lithium- ion batteries and sodium- ion batteries are considered 

one of the most significant discoveries. In recent times, 2D MXenes are emerging as promising LIB 
electrode materials due to their excellent structural flexibility, high electrical conductivity, and high 
theoretical capacity. By using 3D printing technology, the activity of MXene can also be improved. 
For instance, Zhao et al. reported 3D MXene foam (synthesized using sulfur template method). 
The MXene foam’s three- dimensional porous design provides large active sites that significantly 
increase the storage capacity of lithium. Furthermore, this foam structure allows the rapid lithium- 
ion transfer. Due to these reasons, this flexible three- dimensional porous MXene foam has a signifi-
cantly increased capacity of 455.5 mAh/ g at the current density of 0.05 A/ g a good rate performance 
of 101 mAh/ g at the current density of 18 A/ g, and excellent capacitance retention ability even after 
3500 cycles [50].
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4.3  ADVANTAGES AND DISADVANTAGES OF ENERGY MATERIAL FOR 3D 
PRINTING

There are several advantages to the 3D printing techniques by using energy material as it is a cost- 
effective technique, with ease of accessibility, and structural flexibility. In addition, this technique 
comes with zero waste production and rapid prototyping which makes it an environmentally viable 
technique. From the device fabrication point of view, specifically energy storage or conversion, 
the available energy materials used for them through various technique makes life easier. The 
commonly used energy materials such as plastics, metals, ceramics, MXenes, MOFs, composites 
sol- gels, metals, alloys, thermoplastic, conductive polymers, and carbon- based materials with the 
following advantages for 3D printing application over other synthesis techniques. It is an affordable, 
and easy operational procedure with wide material diversity, multi- material printing capability, and 
large area printing ability. it is a rapid technique with large size capability, high resolution, high sur-
face finish, and efficiency along with a lack of chemical post- processing requirement.

Nevertheless, the 3D printing technique loses its significance with several disadvantages while 
using energy material for device fabrication. The 3D technique will reduce the use of manufac-
turing labor which will further affect the economy of countries, and the skilled people will become 
jobless. Simultaneously several harmful objects such as guns, knives, etc. can be manufactured, 
which will become a threat to society. Apart from this the key parameters such as conductivity 
(electronic and ionic), surface area (porosity), and mechanical stability, which are required for the 
functional materials in energy device fabrication, may not be achieved as the functional polymer- 
based composites may reduce the conductivity, sometimes reducing their stability. While the current 
strategy of using graphite- loaded PLA to boost electrical conductivity will make the material 
becomes very brittle. Along with this, there are several other disadvantages associated with the 
energy material utility, as listed below.

• Especially for supercapacitors, a limited exposed surface area provided by the 3D printing 
technique as the slurry cast over the print may reduce the performance.

FIGURE 4.7 Schematic illustration of direct MXene ink printing. The Ti
3
C

2
T

x
 organic inks, i.e., Ti

3
C

2
T

x
- 

ethanol (molecules shown in the bottom panel) are used for inkjet printing of various patterns, such as 
MSCs, MXene letters, ohmic resistors, etc. Adapted from reference [11], Copyright (2015), Springer Nature. 
Distributed under a Creative Commons Attribution License 4.0 (CC BY).
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• The surface area provided by the printed structures is electrically inactive.
• The electronic conductivity is low, and the voltage should be fused with the inks of the 

electrodes.
• Ionic diffusivity is limited.
• With the increase in surface area value, the performance of the device may be undesirably low 

as the expanded contact between electrode materials with electrolyte as the electrochemical 
reaction depends on the nature of porosity and surface area of active energy material.

• Poros of the active material may be blocked using polymers which may not support the elec-
trochemical reaction.

• Carbon- based energy materials like CNTs. may enhance conductivity, but due to their brittle-
ness, it affects the property.

• Thermal degradation can also offer comparable benefits to solvent etching, while the complex 
structures are sustained after mild thermal action or surface- selective melting.

• Still, much attention has not been paid to the current substrate, electrolyte, separators, and 
packaging materials, which limits the application of energy material in 3D printing for elec-
trochemical energy storage/ conversion device fabrication.

• The accessibility of printable energy materials in 3D printing is still limited as only a few 
selected materials are explored for this technique.

4.4  FUTURE PERSPECTIVES

Despite all the disadvantages 3D printing technique emerged as one of the most promising 
techniques for energy devices. The above- said limitations are the key considerations that need to 
be solved to achieve the required performance with valuable and durable structural characteristics. 
In energy devices, the most important characteristics of the 3D printing method completely depend 
on the printed energy material performance with acute fabrication, superior resolution, and material 
porosity with the desired composition, along with multilateral printing capability. Only a few 
approaches have been discovered to take advantage of a straightforward growth of the perform-
ance of the cells by alteration of its geometry, likely due to the strict limitations in manufacturing 
complex shapes. The different shapes of energy material may lead to the solve the geometry issue. 
Carbon fibers will be a good replacement for the carbon- based energy material to avoid brittleness. 
The use of thermoset printed PLA will enhance the voltage with better gravimetric energy density. 
The use of polymer and different carbon- based energy materials will help in increasing conductivity 
which will be one of the much need research topics. In energy or chemical sectors, the conversion 
of CO

2
 into valuable products will be an exciting field in 3D printing. In the Li- ion batteries, poly-

meric material will help in restricting the volume expansion while the cell enclosing and limited 
permeability and porosity, which will be beneficial for other issues such as softening or chemical 
stability during solvent intake. To avoid any mechanical property loss due to the layered printing 
process, a rationally designed 3D structure will be helpful for electrochemical applications in energy 
storage and conversion. Interconnected nanoarchitectures and hierarchical porous structures will 
provide a particular path for electron conduction. More attention is required for reproducibility and 
bulk production. The impending research on electrochemical devices for any application based on 
3D printing should focus on how to reduce the fabrication cost, use a wide range of materials and 
control the overall volume and weight. The designing of some extraordinary devices with numerous 
micron structures apart from the submicron or micron size is much needed for energy harvesting 
systems. The state of art materials from 3D printing should be diversified with 1D or 2D periodic 
structures for different used materials in energy devices such as current collectors, anode, cathode, 
separators, and electrolytes. Further research should be focused on developing advanced devices 
such as integrated electronics, sensors, wearable devices, wireless pharmacology, and mobile 
technologies.
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4.5  CONCLUSIONS

Above all, the new and exciting advanced 3D printing technology enabled several solutions in the 
electrochemical energy device fabrication with different energy materials. The traditional energy 
materials used by different synthesis methods can act as futuristic materials in 3D printing. One 
can expect that the energy material used in 3D printing will give new direction for the future devel-
opment of anodes, cathodes, separators, current collectors, etc. The very well- known carbon- based 
materials, MOFs, and MXenes will help fabricate advanced high- energy density energy storage 
devices. After all, this new advanced technique provides enormous opportunities and has the poten-
tial to cross the border of printable materials. The future of printable materials shows some new 
challenging opportunities in materials design, as well as broadens the scope of applications for 3D 
printing technologies in various advanced fields such as optics, electronics, biomedical engineering, 
sensors, catalysts, and environmental protection.
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5.1  INTRODUCTION

Nanomaterials are a group of materials that consists of structural components that have at least 
one dimension on the nanometer scale. These are considered to be the best- suited additive 
building units for various applications in printed electronics, sensors (chemical, gas, and bio- 
sensors), bio- medical field, and energy storage devices. These nanomaterials allow the synthesis 
with control in different material properties that result in the enhancement of emerging proper-
ties for the evaluation of the device performance. These are classified based on their dimensions 
as shown in Figure 5.1. Nanomaterials with zero dimensions are called NPs such as metal and 
carbon- based, one dimension such as nanofibers, nanorods, two dimensions such as thin films, 
and three dimensions such as nanocomposites. Over the last two decades, metal and carbon- 
based NPs, conducting polymers, two- dimensional (2D) transitional metal dichalcogenides/ 
carbides/ carbonitrides/ nitrides (MXenes), and metal oxides were introduced and developed for 
different deposition- based applications. The formulation of concentrated nano inks from these 
materials has drawn significant attention in recent years due to their high functionality These 
functional properties depend on the type of the synthesis method used to have the optimal size 
range distribution, shapes, and use of stabilizer to prevent the agglomeration and coagulation in 
the liquid form to increase its storage and shell life, concentration and density, and rheological 
properties of NPs for depositing on different substrates.

The most preferential noble metals for synthesizing nano inks are Cu, Ag, and Au. Both Cu  
and Ag are the most commonly and readily used metal NPs for deposition- based applications  
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due to their high conductivity and low cost as compared to AuNPs. AgNPs exhibit lower  
melting point temperatures making them superior for their usage in flexible electronics. But  
still, there are many challenges to replacing the costlier Au nano inks. Cu followed by Ag most  
likely degrades through the process of oxidation. Their high reactivity and proneness to oxida-
tion limit their use. Choosing a relevant conducting polymer with a chemically less aggressive  
nature is an important task in these inks. This conducting polymer can also help to stabilize the  
NPs from aggregation. Au had shown the maximum resistance to degradation and corrosion  
and is highly chemically inert. AuNPs have emerged as an excellent material for applications  
in chemical and biological sensing renewable energy (solar cells, catalysis, and biomedical  
applications (drug delivery, imaging, and therapeutic agents) due to their specific unique prop-
erties such as surface plasmon resonance (SPR) and high biocompatibility [1]. SPR causes the  
oscillation of conduction electrons on the surface of the NPs, stimulated by incident light, and  
thus, AuNPs have good physical, chemical, and optical properties [2]. As Au is known as the  
most corrosive- resistant metal, its NPs also have the same nature. Moreover, NPs are biologic-
ally unreactive and due to their high surface area to volume ratio, they can be conjugated and  
functionalized with proteins, peptides, and medical drugs.

Carbon- based nano inks were widely explored for different applications due to their superior 
mechanical properties such as higher strength- to- weight ratio, enhanced thermal and electrical con-
ductivities, chemical stability, ease of formulation, and more economical and bio- compatibility. 
Some of the developed carbon nano inks are based on graphene, graphene oxide, CNTs, and their 
hybrid forms. The scalable production of these carbon nano inks with well- defined functional 
properties is still facing a lot of challenges. One of the biggest challenges in these carbon inks is 
protecting the particles from agglomeration. In the case of graphene- based inks, restacking of the 
sheets changes the materials’ properties. The second important challenge is to maintain the shell 
life of these inks in their original form. As the storage time increases, the shell life decreases, and 
the functional properties of the carbon suspensions also degrade. Some other challenges are its 
solubility and dispersibility in different solvents, and surface functionalization by using suitable 
solvents. Thereby, to meet the global demand for these nano inks, the different synthesis methods 
have been thoroughly summarized in the next section.

5.2  SYNTHESIS OF NPS

The different synthesis methods for NPs can be divided into bottom- up and top- down approaches,  
as shown in Figure 5.2. Bottom- up approaches include sol- gel, chemical vapor deposition, flame  
spray synthesis, various pyrolysis, and atomic or molecular condensation. It is the physiochemical  
preparation involving the formation of solute nucleate, nucleation, growth, and control. Top- down  

FIGURE 5.1 Schematic diagram mentioning the classification of nanomaterials based on their dimension.
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approaches include sputtering, thermal/ laser ablation, nanolithography, and high- energy mechanical  
ball milling. It involves breaking initial powders of bulk metal to small dimensions on a nanometer-  
scale through crushing, milling, or grinding.

Another classification is based on the phase in which NPs are occurring: (i) Gas phase, (ii) Liquid 
phase, and (iii) Solid phase. In the gas phase methods (Figure 5.3), the aerosol droplets are formed 
from the liquid solution, which undergoes evaporation and thermal reduction in the gas phase. It 
results in the formation of NPs in different morphologies. These aerosols are any solid or liquid 
particles suspended in a gas. In the liquid phase methods, mostly, the processes will undergo in 
the liquid phase. The co- precipitation, sol- gel, micro- emulsions, hydrothermal and sonochemical 
process are some of the examples of liquid phase methods. Each method has its advantages with 
challenges and results in the formation of NPs with different chemical and physical properties. The 
solid and liquid phase methods are suitable for producing small quantities of NPs with significant 
variations in the shapes and sizes resulting from the production in different batches. A comparison 
of gas, liquid, and solid phase methods is summarized in Table 5.1.

The spray pyrolysis in the gas phase method allows easy control of process parameters with the 
continuous production of NPs. This continuous synthesis will result in a high yield with lower pro-
duction costs and the flexibility of a large variety of nanomaterials. It involves the formation of the 
aerosols through different nebulization or atomization techniques of the starting precursor solution. 
The selection of the appropriate nebulization technique is essential as it directly impacts the aerosol 
droplet size and consequently the final NPs size distribution.

The production of these NPs into concentrated ink form and its deposition in micron- sized  
patterns involves metallization by using processes such as laser- induced deposition, physical and  

FIGURE 5.2 Classification for the synthesis of NPs based on the decomposition.
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chemical vapor deposition (PVD & CVD); dip coating (DC), etc. as shown in Figure 5.4. These  
methods are well developed and tested for different metal combinations over the few years in elec-
tronic, photonic, and sensing devices but lack integration into the deposition workflow. Thus, it adds  
a significant amount of overhead work and increases the device cost. Laser- induced and PVD/ CVD-  
based methods offer thin- film coatings but require high- power lasers and expensive equipment.  
These methods operate at very high temperatures and under high vacuum pressures in a controlled  
environment, limiting the large- scale production of low- cost sensing devices. Due to the use of high  

FIGURE 5.3 Schematic diagram of the synthesis method of the NPs in the gas phase.
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energy sources or high temperatures involved with these methods, it also limits the use of low- cost,  
flexible substrates such as photo and filter- based papers. Another method, DC, is relatively econom-
ical and utilizes concentrated nano inks. It results in non- uniform deposition and degrades the  
substrate properties. It consumes a large amount of time for deposition and lacks the up scaling  
of the process. There is an emerging group of technologies called Additive Manufacturing (AM)  
or 3D printing that overcome these challenges. It creates objects from the bottom- up by adding  
material one cross- sectional layer at a time and offers design freedom for product development,  
reduces waste, and minimal use of harmful chemicals. The key benefits of using 3D printing as a  
deposition technique: faster and reduces an excessive number of steps as compared to conventional  
subtractive manufacturing techniques, allows precise demand on printing for motion synchronized  
droplet deposition, fabricates desirable traits for developing micro- fabricated devices, flexibility and  
massive potential for cost- effective commercialization. Therefore, different 3D printing techniques  
are discussed in detail for depositing the formulated nano inks on different substrates.

5.3  AM OR 3D PRINTING

3D printing techniques are much more dominant than conventional patterning techniques as they  
involve several steps to fabricate the product completely. A sacrificial layer is a deposit on the sub-
strate and the masking material is patterned through the lithography process onto it in a subtractive  
conventional manufacturing process. The initial sacrificial layer is etched to remove the uncovered  
material by the mask. After etching, the mask is removed, and the process is repeated for depositing  
another layer in the second device. In the 3D printing process, the material is initially deposited  
on the targeted substrate and subsequently processed to solidify the deposited material to achieve  
the desirable properties. The other layers can also be deposited in the same manner, followed by  
the post- treatment processes. The procedural steps are reduced significantly. In this process, the  

TABLE 5.1
Shows the Comparison of the Different Methods Based on the Phase of the NPs

Method
Production 
Costs/ Rate Advantages Challenges

Gas Phase 
(Spray 
Pyrolysis)

Low/ High i) Easy to control process parameters
ii) Possible continuous production

iii) High yield with homogenous shapes

iv) Material flexibility is high

v) High Purity and concentration

i) Large poly- dispersity in size due to 
agglomeration

ii) High temperature is required

iii) Collection of the NPs in a continuous 
process is difficult

Liquid Phase Low/ Middle i) Possible to produce different 
kinds of NPs such as nanorods, 
nanocomposites

ii) Material flexibility is high

iii) Possible to synthesize highly mono- 
dispersed sized particles

i) Lot of harmful chemical and gases 
involved

ii) Number of process steps are large 
and need to be reduced

iii) Suitable for batch production and 
difficult to scale up

Solid Phase High/ Low i) Process is simple

ii) Suitable for highly abrasive 
materials also

iii) Reliability and ease of operation

(iv) Reproducibility of the results

i) Possibility of contamination

ii) High Energy Demand

iii) Poly- dispersity in the size distribution 
with irregular shapes

iv) Imperfection of the surface and 
crystallographic structure and 
properties
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masking material is not required. Different material deposition techniques such as fused deposition  
modeling, direct writing methods including material jetting, selective laser sintering, stereolithog-
raphy, and 3D printer transfer molding under the 3D printing umbrella attracted much in achieving  
the deposition of different materials. These techniques are compared in terms of working principle,  
material compatibility, and advantages with challenges in Table 5.2.

In comparing different 3D printing techniques for the patterning of nano inks, direct writing, 
including material jetting, allows the deposition of custom- made concentrated inks with polymer, 
carbon, and hybrid- based inks, wax, and metal NPs with photopolymers based liquid suspensions. 
It provides flexibility in the deposition of multi- materials with high resolution in a single step, high 
printing speed with lower production costs, and easy industrial scalability to high production quan-
tities. Therefore, this technique has widely gained acceptance due to the mentioned capabilities and 
will be most suited for depositing customized nano inks. It is discussed in depth with different types, 
advantages, and challenges in the next section.

5.4  MATERIAL JETTING –  INKJET PRINTING (IJP)

Nowadays, printing techniques are among the most attractive choices for material deposition 
because of their simple, economic, and high- production capabilities. It comprises the deposition on 
different substrates through the formulated functional nano inks. There is no limitation in the type 
of pattern and material printed with suitable rheological behavior of these inks. This can be easily 
modulated by adjusting the solvent and solute concentration. Generally, mass production printing 
technologies are broadly classified into two categories: Contact and non- contact printing. Contact 
printing involves the patterning of structures through the physical properties of structures through 

FIGURE 5.4 Shows the schematic diagram of different deposition techniques.
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TABLE 5.2
Comparison of Different 3D Printing Techniques

Technique
Working 
Principle Material Compatibility Advantages Challenges

3D printer 
transfer 
molding

Molding Plastics • Flexible process

• Microscopic precision was 
achieved and layer resolution 
up to 30 microns

• Printing contour and complex 
geometrical shapes

• Economical process

• Limited material 
flexibility

• Poor product 
development

• Low machine throughput 
and not suitable for mass 
production

• Low tolerance and 
resolution with poor 
surface finish

Fused 
Deposition 
Modeling

Extrusion 
and 
deposition

Thermoplastic polymers 
such as PLA ABS, PC, 
and nylon; Polymer 
nano- composites –  metal 
with ABS, wood with 
PLA, aluminum with 
nylon, glassfibers with 
ABS, PP, carbon fibers 
with ABS, resin, PLA, 
graphene+ ABS

• Simple process
• Low cost per product
• More material flexibility
• High strength of the 

printed parts
• High process capability

• Results in porosity and 
deformed surfaces

• Lower surface finish
• Slower print speed
• Lower dimensional 

accuracy
• Higher processing 

temperatures

Direct 
Writing 
including 
material 
jetting

Pneumatic 
based, 
screw & 
piston 
driven, 
inkjet- 
based 
printing

Customized metal NPs 
with polymer and 
hybrid- based inks, 
wax, Alumina with 
polyurethane acrylate, 
short length carbon 
fibers with SiC whiskers, 
epoxy resins, metal NPs 
with photopolymers, 
CNT +  PLA

• Non- contact and mask less 
deposition

• Multi material flexibility
• High resolution
• Lower production cost
• High speed

• Lower mechanical 
strength

• Requires a precise 
control of rheological 
properties

• Nozzle plate flooding, 
clogging and irregular 
droplet ejection

Selective 
Laser 
Sintering

Powder Bed 
Fusion

Thermoplastics, 
metals, Polymer 
nanocomposites –  Glass 
with nylon 11, carbon 
fibers with polyamide, 
CNT with epoxy, 
Grapheme oxide with 
Photopolymer, Alumina 
powder with polystyrene, 
Graphene oxide with iron

• Acceptable strength
• Easy removal of unwanted 

material such as supports
• Requirement of support 

structures is low

• Operational cost is high
• Final obtained surface 

consists of Powdery 
impurities

• Limited material 
flexibility

• Degradation of 
photosensitive material 
leading to poor 
performance under load

Stereo 
lithography

Polymeriza- 
tion

Photopolymers, Polymer 
nanocomposites –  
Alumina with UV cured

• Simple process
• Fabrication of any self- 

supporting geometry
• High resolutions

• Prints single material 
at a time

• Quality is limited
• Slow printing process
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the substrates’ physical contact with the inked surfaces. While in non- contact printing, material in 
the form of ink solutions is deposited on substrates through orifice openings or nozzles through the 
movement of the stages in a pre- programmed designed pattern.

Among the different categories of 3D printing techniques, Material Jetting (also called IJP) is 
defined by the American Society of Testing and Materials (ASTM) as an AM process in which the 
droplets of the build materials are selectively deposited. IJP is a non- contact printing technology 
that has emerged as the fastest- growing technology in the recent decade. In this technique, the 
concentrated ink is formulated in colloidal suspension form and ejected through the nozzle openings 
in ink droplets. The ejected droplets are deposited on the substrate under the effect of gravitational 
force to make the desired feature. The key benefits of using IJP in customized nano inks are –  it 
provides good adhesion for efficient bonding to a paper, plastic, or glass substrate, offers deposition 
at ambient pressure and temperature, allows for precise alignment of drops, and easy handling has 
made this technique a dominant platform for rapid prototyping of sensors and detectors.

5.5  NANO- INKS FOR 3D PRINTING: FORMULATION, RHEOLOGY, AND 
CHALLENGES

Nano inks are prominently making an important place and position in the development of low- cost 
detection products in an industrially scaled process. These concentrated inks are highly promising 
due to their bio- compatibility and gained a lot of attention in the areas of sensing and diagnostics. 
One of the widely explored applications for nano inks is the fabrication of nano- metallic based 
sensors on different substrates such as colorimetric, SPR, bio- sensors, etc., as well as gas, electrical, 
electro- chemical sensing applications, printed and flexible electronics, and energy storage devices. 
Nano inks from Au- based printed patterns are used as the colorimetric sensors to provide an alter-
native detection system of impurities of heavy metal ions of Hg+ , Co2+ , Mn2+ , Pb2+ , Ca2+ , and Cd2+  
in the drinking groundwater. This is because of the excellent bio- compatibility and unique optical 
and electronic properties. As the binding of these NPs takes place with the surrounding molecules 
to reduce the distance between them, the ZP approaches neutralization. It results in the surface 
plasmon coupling that causes a red shift in the absorbance wavelength of AuNPs and a color change 
from red to blue. This significant degree of color change can be a quantitative indicator for deter-
mining mercury concentrations. Utilizing the photothermal properties of the printed patterns from 
these nano- inks on the paper substrate through IJP showed the way for the fabrication of low- cost 
novel bio- medical devices such as the detection of glucose [3] and other biomarkers. In this case, 
NPs are used because of their high surface- to- volume ratio. It helps in the high- density biochem-
ical interaction of these NPs and increases the high sensitivity analysis of the printed sensors [4]. 
The ability for patients to test themselves for a range of conditions within the comfort of their own 
homes is highly attractive. The point of care (PoC) diagnostic device market is poised to reach 
$27.5 million by 2018 with a wide range of PoC technologies covering many different diseases 
and conditions. To ensure the commercial viability of these technologies, there is a requirement for 
low- cost, high- yield fabrication of such devices [5]. The use of nano inks through 3D printing is an 
obvious step towards the mass production of these devices at a relatively low cost when compared 
to the use of semi- conductor cleanroom techniques, which involve multiple processing steps using 
complex and expensive facilities. But, the formulation with optimum rheological properties of these 
inks for making different patterns on low- cost substrates is the key factor. The 3D printing of spher-
ically shaped NPs having a size diameter of less than 50 nm on the paper and plastic substrates are in 
much focus for the fabrication of these diagnostic tools [6]. Their production requires inexpensive, 
easily scalable, and one- time usable devices that are most ideally suited to the IJP process.

The performance of the formulation of nano inks can be evaluated by the jetting behavior onto  
the target location. The successful jetting of these inks through the nozzle of the printer results in  
the formation of single droplets. Successful jettable inks are formulated by optimizing the different  
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ink’s physical and rheological properties such as size distribution, shape, stability, concentration,  
viscosity, and surface tension (ST). These are the different properties that need to be considered  
while designing the ink. Recent studies have demonstrated and explained the jettable behavior with  
the help of four dimensionless numbers [7]. Capillary (Ca), Weber (We), Reynold (Re) and Fromm  
(Z) numbers are explained in Figure 5.5.

In the above figure, the terms ρ, µ, and γ are the density, viscosity, and ST of the ink fluid respect-
ively, d is the diameter of the printer nozzle and v is the velocity of the ink droplet. Among these 
four dimensionless numbers, the Fromm number (Z, reciprocal of the Ohnesorge number) is used 
for defining the jettability of the nano inks. Z correlates all the three forces of the fluid ink: viscous, 
inertial, and ST forces. While Ca, We, and Re balance only two forces. Recent studies have shown 
the calculated and consistent jettable range of Z value for their customized formulations of the 
NPs inks as 1 < Z < 10 or 4 ≤ Z ≤ 14. This Z range is called as the jettability window. Reis and 
Derby [8] defined the Z value ranges for the stable drop formation as 1<Z<10 in an inkjet printer 
for the ink fluid. Below the lower limit of Z, the viscous forces will dominate the other two iner-
tial and ST forces and restrict the droplet formation by stagnating/ immobilizing the ink fluid flow. 
While the ink composition having a Z value greater than the upper limit range (Z>10) will behave 
as a low viscous fluid resulting in the formation of satellite droplets. Few works of literature have 
also reported the stable droplet formation in the Z value range for Z>10. Jang et al. [9] formulated 
different fluids from ethanol, ethylene glycol, and water as a solvent and studied fluid dynamic 
properties. The results have defined the printability range of Z value as 4 ≤ Z ≤ 14 resulting in 
stable droplet generation. For the lower values of Z<4, the ink fluid had shown the formation of a 
long filament tail while Z>14 results in the formation of multiple drop formation. Nallan et al. [10] 
defined the Ca- We jettability window for different NPs- based inks and obtained the optimal rheo-
logical and jetting conditions (Figure 5.6). It had shown that alone Z factor is not enough to define 
the jettability window because the inconsistencies of different reported Z ranges. Similarly, Liu et al. 
[11] investigated the jettability of the ink and defined the window with the help of the We and Z 
number. This work has summarized the We range of printability as 2 < We < 25 and 2 < Z < 20 for 
the stable jettability of the ink. Further, it had been demonstrated that at We =  2, the inertial forces 
of the fluid will just overcome the capillary forces resulting in droplet formation whereas, at We > 
25, the fluid will behave as unstable resulting in poor printability.

In a material jetting system, the printability of the ink is also another important factor. It includes  
the understanding of the wetting behavior, spreading on the substrate after its ejection from the  
nozzle, and the final characteristics of the printed patterns after drying [12]. The concentration of  

FIGURE 5.5 Pie chart diagram for defining the following dimensionless numbers: Ca, We, Re, and Z.
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solute, viscosity and ST is the most basic properties of the ink that influences its flow and wetting  
behavior [13]. The wetting behavior of the ink droplet decides the resolution of the printed feature.  
Young’s equation for determining the contact angle is mentioned in Equation (5.1) – 

 θ
γ γ

γc
SV SL

LV

=
−





−cos 1  (5.1)

where θ
c
 is the ink droplet contact angle and γ

SV
, γ

SL
 and γ

LV
 are the solid- vapor, solid- liquid, and 

liquid- vapor interface energies, respectively (Figure 5.7a). The rate of evaporation of the solvent 
used in the ink formulation is directly proportional to the ink droplet radius (r

i
) and can be calculated 

as mentioned in Equation (5.2). [14]

 R b b r
evap i

= + ( )1 2
 (5.2)

where b
1
 and b

2
 are the constants. The larger the value of the radius of the ink droplet, the higher will 

be the rate of evaporation. Thus, the contact angle and shape of the ink droplet influence the rate of 
evaporation of the solvent present in the ink (Figure 5.7b).

The formulated nano inks generally show the shear thickening followed by the shear thinning  
flow behavior over the mass loading of the solute concentrations. Initially, the viscosities of the ink  

FIGURE 5.6 (a) Jettability window defined by Ca- We on different mass loading of 10, 20 and 40% solute; 
(b) Effect on the increased droplet volume and velocity with respect to increased dwell time; (c) Ink behavior 
on increasing the mass loading from 0, 10 and 20% in hexane solvent. Adapted with permission [10], Copyright 
(2014), American Chemical Society.
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will increase as the shear rate increases and decreases after reaching a maximum point. The van  
der Waals forces are mainly involved in the NPs aggregation in these inks. Further increase in the  
applied shear force results in the breaking of the NPs ink network slowing down the resistance to  
flow. This flow behavior has always been recommended for stable drop formation in piezoelectric-  
based inkjet printers. Bing et al. [16] have proposed a theoretical numerical model of the ink droplet  
formation for the piezoelectric- based IJP by a lattice Boltzmann method. The study analyses the ink  
droplet formation through the force intensity, break- up time, and droplet velocity with respect to the  
wetting behavior and ST. By increasing the contact angle from 30°C to 150°C, the breakup time is  
also increased from 37.15 µs to 61.73 µs. The ink droplet velocity goes up by 56% by modifying the  
ST from 20 to 85 mN/ m. The minimum velocity needed for the ink droplet in the nozzle needed to  
overcome the barrier of ST forces can be theoretically calculated as stated in Equation (5.3) [17] – 

 v
dmin

=






4
1 2

γ
ρ

/

 (5.3)

The different processes such as the evaporation of the liquid solvent, sub- cooling, and absorption in 
the substrate occur resulting in the phase change from liquid to the solid state of the ink. The wetting 
behavior of the ink fluid depends on its physical properties as well as on the substrate. To have a 
good spreading of the ink, the droplet velocity, droplet volume, contact angle, surface, and capillary 
forces can be optimized.

5.5.1  Metal nPs Based inks

Metal NPs- based inks are the colloidal suspensions of metal NPs in a suitable solvent system. These 
NPs are stabilized with the use of surfactants to prevent their coagulation. These surfactants are usu-
ally insulating in nature and require a sintering process to remove them. The functional properties 
of these inks depend on the NPs morphology (size and shape), surface charge, NPs concentration, 
stabilizers, or additives used in the formulation. The selection of the NPs in these inks depends on 
their properties such as electrical conductivity, magnetic properties, stability to oxidization, cost, and 
their target application. Following these parameters, Au, Ag, and Cu are the most explored metals 
for synthesizing and formulating them in concentrated nano ink form. Au nano inks are the most 
stable NPs in the ink form and have a longer shelf life [18]. Recently, Au nano inks were formulated 
through green and more environmentally friendly synthesis processes by using biodegradable sugar- 
based polyurethanes stabilizer. In these inks, the Au concentration was varied in- between 3 and 

FIGURE 5.7 Schematic diagram of the (a) contact angle with interfacial energies of air, water and solid 
substrate, (b) the process of evaporation of the solvent present in the ink. Adapted with permission [15], 
Copyright (2011), Nature Publishing Group.
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1.5% mass percent. The range of the shear viscosity and ST values were 1.87<µ<2.09 mPa.s and 
41.79<γ<44.62 mN/ m, respectively. The Z values were calculated and falls in the range of 14<Z<17 
which was a little bit higher value range. The higher Z value corresponds to the more viscous nature 
of the ink. The AuNPs particle size was reported below 10 nm [19]. In another approach, the Au 
nano inks in water were synthesized and formulated by using starch for IJP through the method of 
microwave- assisted heating. The size of the AuNPs, yield of the process, and stability of the ink had 
been controlled and optimized for achieving the high jettability of the ink. The SPR of the AuNPs 
ink was 530 nm. The dynamic light scattering measurement revealed the AuNPs size distribution of 
15 ≤ 2r ≤ 30 nm and the mean diameter was 21.8±12.0 nm. From the TGA data, starch as the stabil-
izer helps in reducing the sintering temperature to about 300°C. The Z value of this ink formulation 
was 54.6 which was much higher than the limiting range of 1 ≤ Z ≤ 10. Additional surfactant Triton 
X- 100 was added to reduce the Z number value to 37.2 to improve the jettability by decreasing the 
ST value. This ink formulation was successfully jetted to single drop formation by using a large- 
sized diameter of 60 µm. It may lack jettability with a lower diameter nozzle in 20 µm range [19]. Au 
nano ink stabilized with polyethylene glycol (PEG) hygroscopic polymer was successfully printed 
on Polyethylene terephthalate (PET) films for resistive humidity sensors through a 50 µm diameter 
of Jetlab 4 printer. With the chemical synthesis of AuNPs ink, the reported size of the AuNPs was 
below 30 nm having an SPR peak of 521 nm [20].

Au nano inks stabilized with PVP were formulated in the mixed solution of water and ethylene 
glycol in [Au] of 50 mg/ ml. UV- vis measurement showed a peak signifying the narrow AuNPs size 
distribution of 20 nm. The viscosity and ST values reported were 4.81±0.02 mPa.s and 33.10±0.03 
mN/ m respectively which showed the fluent jettability of the ink’s droplets. The flat patterns of the 
following dimensions 29 × 21 cm onto the PET film were printed successfully with a Dimatix DMP 
2831 inkjet printer with a 10 pl cartridge. These printed patterns were used for electrochemical 
sensing applications [21].

Ag- based nano inks offer to fabricate products at a much lower and economical cost for flexible 
and printed electronics. The process of sintering in Ag inks is an important step to achieving lower 
resistance and higher conductivity. AgNPs can be easily suspended in water- based solvents, ethanol, 
polyvinylpyrrolidone, PEG, polyvinyl alcohol, polyaniline, and other organic solvents. The water- 
based Ag nano inks are considered to be more environmentally friendly as compared to organic 
solvents. The printed patterns have achieved the resistivity of 3.3 × 100 to 5.6 × 10−06 Ωcm [22]. 
Several studies have suggested that Ag nano inks used in PANI had reduced the sintering tempera-
ture range from 150– 250°C to 110– 120°C. Electromigration is the property of conductive inks that 
defines its capability to transfer current for a longer period. It refers to the mass transport of atoms 
diffusing in a unilateral direction in response to the current flow in the printed conductive lines 
[23]. Pure Ag nano inks lack electromigration properties. To enhance, Ag hybrid nano inks had 
been introduced and gained attention with Graphene. These hybrid inks with carbon materials will 
also reduce the cost of the manufacturer. By incorporating Graphene into the AgNPs surface, the 
mechanical properties will be significantly enhanced. These AgNPs/ Graphene ink had achieved the 
sheet resistance of 9.29 kΩ/ sq [24]. In another case, Ag nanowires had been used with Graphene for 
formulating hybrid inks. This carbon doping significantly improves the better bending resistance 
[25]. AgNPs also with Graphene quantum dots (GD) used for the paper- based electrochemical bio-
sensor for the detection of respiratory diseases as PoC device. AgNPs/ GD with polyvinylpyrroli-
done (PVP) was formulated and printed using pen writing technology [26]. AgNPs decorated with 
MoS

2
- based hybrid ink were used for the fabrication of the Surface Enhanced Raman Spectroscopy 

(SERS) array sensor. MoS
2
 combined with AgNPs improves the better optical, conductivity, and 

electron transfer rate of these inks. This MoS
2
 also helps in stabilizing the AgNPs and shows great 

potential for wearable sensing [27].
Cu nano inks showed great potential for replacing the Au/ Ag inks for the fabrication of printed 

conductive patterns on different substrates. However, the biggest challenge with Cu nano inks is their 
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tendency to get oxidized under ambient conditions. The oxidized CuNPs result in reduced electrical 
conductivity with the higher temperature ranges for sintering. The Cu nano inks were synthesized 
by using the Cu metal salts such as CuCl

2
, CuSO

4
.5H

2
O, Cu(NO

3
)

2
.3H

2
O, Cu(CH

3
COO)

2
 by using 

different reducing agents such as NaBH
4
, N

2
H

4
, Glucose, Ascorbic acid, and Benzyl alcohol. 

The common stabilizers used are PVP, cetyl trimethyl ammonium bromide (CTAB), oleic acid, 
oleylamine, PEG, sodium oleate, and Triton X- 100 [28]. Recent progress had demonstrated the new 
techniques for the production of anti- oxidative Cu nano inks by using Cu(OH)

2
 as the precursor 

salt. Ascorbic acid with PVP was used as a reducing agent and stabilizing agent respectively in 
di- ethylene glycol solvent. The fabricated inks had achieved the lowest conductivities values till 
5.7 µΩcm. Apart from the wet reducing chemical methods for the synthesis of these inks, the dis-
charge method, laser ablation, and electron beam irradiation are other techniques for controlling the 
morphology and aggregation state of the NPs. Most of the reported works with Cu nano inks lack the 
issue of stability, shell life, and lower production rate. The synthesis of CuNPs from the electrolysis 
method directly from the solid copper plate has shown the prospect of scalable production with 
better control of final properties. 15 nm was the diameter of the synthesized CuNPs while achieving 
the lowest resistivity in the range of less than 6µΩ- cm with the above- mentioned technique [29]. 
The selection of the precursor in the case of CuNPs had also affected the final morphology of the 
CuNPs. Deng et al. synthesized the CuNPs in an aqueous medium by using the precursor solution of 
copper acetate salt and hydrazine as the reducing agent. Lactic acid had been used as the stabilizing 
agent and prevented the CuNPs from oxidation. The CuNPs in the size range of less than 10 nm 
were sintered at a lower temperature range of 150– 200°C and achieved resistivities to 9.1±2.0 µΩ- 
cm [30].

5.5.2  carBon- Based inks: graPhene/ go/ rgo, cnts

In the last decade, Graphene has established itself as the most promising candidate for carbon- based 
inks due to its following properties: Quantum Hall Effect, Ultrahigh carrier mobility at room tem-
perature, Young’s modulus, Intrinsic strength, and high thermal conductivity (above 3000 WmK- 1), 
impermeable to gases, ability to sustain high densities of the electric current and high light transmit-
tance. The different synthesis methods for Graphene nano inks are: Mechanical shear exfoliation, 
Oxidation- reduction method, Epitaxial Growth, CVD, Liquid Phase exfoliation, Electrochemical 
exfoliation, Probe Sonication, Ultrasonic assisted liquid phase exfoliation, Vortex Mixing, and 
Micro- fluidization of graphite [30].

Despite gaining the name of “Wonder Material”, it still faces the challenge of scalable pro-
duction with the desired properties. Graphene oxide (GO) and rGO are the two basic precursors 
for producing graphene- based nano inks. Since its solubility in water helps in the formulation of 
aqueous- based ink formulations. Different stabilizers and solvents used in the formulations are N- 
methyl- 2- pyrrolidone (NMP) with a small amount of ethyl cellulose in the ethanol, NMP with vinyl 
acetate in isopropanol, PVP in IPA solution, cyclohexanone with small amounts of terpinol and add-
itional ethyl cellulose stabilizer. Dimethylformamide (DMF), 1- 2 dichlorobenzene, cyclo- hexanol, 
toluene, acetone, and ethanol, are the most commonly used solvents for graphene- based nano inks 
[31]. Graphene nano inks formulated and synthesized with more environment- friendly routes are 
in focus by using green polymers such as sodium carboxymethyl cellulose. The formulated inks 
had shown excellent piezoresistive and thermo- resistive responses making them suitable for the 
development and fabrication of printable sensors. Several reports had also been reported for the for-
mulation of highly viscous Graphene nano inks for using it in extrusion- based 3D printing for the 
fabrication of sensing devices. These viscous inks have been formulated in isopropanol and Cyrene 
mixtures in different mass ratios for the detection of volatile organic compounds with the viscosity 
range of 50– 60 Pa.s [32]. MoS

2
/ Graphene- based nano inks were developed for the fabrication of 

electrodes for a 2D interdigital supercapacitor. These inks have achieved a specific capacitance of 
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392 F/ g. The loading of MoS
2
 material on Graphene inks has improved the diffusion rate of the ions 

by facilitating better contact in- between the active MoS
2
/ Graphene material and electrolyte. The 

composite of MoS
2
/ Graphene materials also allows the improved inter- connection and penetration 

leading to the increased value of conductivity [33]. CNT/ Graphene inks had been developed for 
the fabrication of flexible supercapacitors. CNT has poor dispersion property in different solvents. 
Therefore, to improve its dispersibility, Graphene was used as a surfactant. This will also enhance 
the performance of supercapacitors. The thermal conductivity also increases by bridging the CNT/ 
Graphene in different solvents. CNT functions as the bridging material between the graphene flakes 
and particles. Aqueous rGO/ MWCNT hybrid inks were also formulated for depositing it into thin 
films aimed for good electro- optical performance. 0.1 wt.% of MWCNT with 0.2 wt.% of the 
reduced GO has improved the dispersibility as well as the rheological property of the ink. These 
inks have shown a sheet resistance of 380 Ωsq- 1. By utilizing the rGO with Triton- X 100, the ST is 
also reduced to 30– 40 mN/ m and increases the viscosity from 6 mPa.s to 2 Pa.s [34]. Graphene with 
carbon nanoplatelets (Gr/ CNP) have been used for formulating the carbon hybrid inks for fabri-
cating micro- supercapacitors (MSC’s) achieving the areal capacitance of 12.5 mF/ cm2. These MSC 
had shown excellent mechanical flexibility strength and water resistance properties. Incorporating 
nanoplatelets into the graphene structures helped to fabricate an efficient energy storage structure 
without diminishing its important properties of it [34].

5.5.3  Mxene- Based nano inks

MXenes with the structural formula of M
n+ 1

X
n
T

x
 where M represents the transition metal, X as 

carbon or nitrogen, and T as the terminal group are the 2D nanomaterials consisting of transition 
metal nitrides, carbides, or carbonitrides. This nanomaterial possesses high electronic and thermal 
conductivity, a high surface area that can be functionalized, and a high zeta potential for making 
them into stable colloidal suspensions. Due to these properties, MXenes had been exploited in 
energy storage devices, sensing applications such as gas sensors, heavy metal ions, photocatalysis, 
batteries, PoC diagnostic devices, CO

2
 capture, drug detection, field effect transistors, printed and 

flexible electronics such as radio frequency identification (RFID) tags, flexible displays, and light- 
emitting diodes. Yury and the group demonstrated the formulation of MXene- based nano inks in 
water and other organic solvents such as NMP, DMF, and ethanol. These inks have shown a higher 
areal and volumetric capacitance when printed on different substrates. The key challenge in utilizing 
MXene in nano ink form is in its formulation as well as the kinetics of the drying of the solvent. 
The calculated Z number for these inks in organic solvents ranges in- between 2– 3 and falls in the 
stable jettability range of 1<Z<14. Different structures have been additively fabricated (extrusion 
printing and IJP) by formulating MXenes (Ti

3
C

2
T

x
) inks in four organic solvents NMP, dimethyl 

sulfoxide (DMSO), DMF, and ethanol without using surfactants. The printed structures for micro- 
supercapacitors (MSCs) had shown the highest electrochemical performance, including volumetric 
capacitance and energy density (ED) as 562 F/ cm3 and 0.32 μWh/ cm2, respectively [35]. Discarded 
sediments consisting of unetched MAX precursor and multi- layered MXenes were utilized in for-
mulating aqueous inks for fabricating conductive patterns on paper substrate. The screen- printed 
structures achieved the areal capacitance and ED as 158 mF/ cm2 and 1.64 μWh/ cm2 and high- 
resolution printing with uniform spacing [35]. 2D Ti

3
C

2
T

x
 flakes were utilized for formulating the 

inks and deposited on different substrates through direct painting. IPA and toluene in a volume ratio 
of 2.25:1 were mixed with the synthesized flakes to optimize the rheological properties of the ink. 
The 40 X 40 mm2 painted pattern having a thickness of 13.6 µm shows the excellent performance 
for electromagnetic interference shielding with absorption and reflection of 58.5% and 41.5% with 
a shielding effectiveness of up to 46.3 dB [36]. Conductive MXene inks were prepared from Ti

3
AlC

2
 

precursor by using lithium fluoride (LiF) and HCl etchants in NMP solvent in a volume ratio of 2:1. 
The ink has been concentrated up to 20 mg/ ml to get the desired uniformity in the printed patterns. 
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The patterns were printed using an HP inkjet printer on PET adhesive tape and attained the sheet 
resistance of 1.66±0.16 MΩ/ sq to 1.47±0.16 kΩ/ sq at the transmissivity of 87−24% (λ =  550 nm) 
[37]. Zheng et al. prepared aqueous MXene inks based on Lithium Titanate (LTO) and Lithium 
Iron Phosphate (LFP) from Ti

3
AlC

2
 precursor via LiF and HCl etching for the fabrication of flex-

ible solar cells, MXene conductive circuits, and flexible self- powered system in a single flexible 
substrate through screen printing. MXene- based MSCs achieved 1.1 F/ cm2 of areal capacitance 
and 13.8 μWh/ cm2 of ED while MXene- based lithium- ion micro- batteries achieved an areal density 
of 154 μWh/ cm2 [38]. Tang et al. proposed a new chemical route for the formulation of stable 
MXene inks in ethanol solvent with Trifluoroacetic acid treatment with improved printable proper-
ties through electrohydrodynamic printing (EHD) printing. The printed patterns achieved high con-
ductivity values of about 8900 S cm- 1 and width in the range of 3– 4 µm with an interplanar spacing 
of 0.31 nm. The obtained results showed the capabilities of MXene inks in thin film transistor (TFT) 
applications [38]. Zhang et al. formulated highly viscous aqueous- based MXene inks from Titanium 
carbide (Ti

3
AlC

2
) and carbonitride (Ti

3
CNT

x
) for the fabrication of Si/ MXene- based electrodes up 

to the concentration value of 25 mg/ mL. These electrodes achieved thickness values in the range of 
450 µm and a high areal capacity of 23.3 mAh/ cm2 [39].

5.5.4  Metal oxide- Based nano inks

Metal oxide- based nano inks are the colloidal suspensions of oxide species. They can be formulated 
into two types: NPs- based ink and precursor- based ink. The NPs- based ink can be synthesized 
from Al

2
O

3
, ZrO

2
, TiO

2
, HfO

2
, and ZnO. Precursor- based ink can be synthesized from Al

2
O

3
, ZrO

2
, 

Sc
1
Zr

1
O

X
, Ta- Al- Si- alkoxide, Sr- doped Al

2
O

3
, HfO

2
, IGZO, and ZnO. These materials are having 

good optical and electronic properties. The metal oxide NPs inks can be synthesized from hydro-
thermal, microwave, or ultrasonication. The precursor- based inks were synthesized from the sol- 
gel process from metal salts such as metal chloride, nitrate, sulfate, acetate, and alkoxides. The 
metal oxide nano inks (M- O- M) had been formed by hydrolysis and polycondensation reactions of 
precursor molecules. Thermal annealing is required to eliminate the organic residual or solvent in 
the ink after its printing. It also increases the density of the metal oxide particles. There are a few 
challenges in the M- O- M nano inks that need to be addressed. (a) Multi- phase inks lack uniform 
printing because of the uniform evaporation and drying of the ink solvent. The non- uniformity in 
the printing can be eliminated by adopting the different strategies in formulating the ink by selecting 
an appropriate and optimal morphology of the solute, using the binary mixing of solvents in suit-
able volume ratios. Different additives can be used for tuning the rheological and flow properties of 
the ink. The acidic content in the ink should be controlled by monitoring the pH value of the ink. 
(b) The lower temperature range for annealing the printed pattern. It can be done through micro-
wave heating, high- pressure annealing, and UV curing. Recent studies had suggested the better 
suitability of the lower annealing temperatures for the fabrication of high- performance printed 
devices. (c) Multi- phase nano inks lack high- resolution printing. It can be improved by controlling 
the drop spreading and wetting behavior by selecting the appropriate substrate- solvent system for 
the printing. By optimizing the weight ratio of active material loading to solvent [40]. Indium and 
aluminum oxide- based inks were formulated for the fabrication of humidity sensors by using the 
screen- printing technique. These sensors were tested exhaustively for the wider range of 5– 95% 
of the relative humidity (RH) and measured a high sensitivity of 0.85– 7.76 pF/ RH%. The average 
response and recovery time are 21.4 and 4.8 s, respectively [41]. The InO

x
 metal oxide nano ink 

with polyacrylamide in ethylene glycol in different concentrations was formulated for the fabrica-
tion of TFT’s by using IJP. It resulted in high- resolution patterns with good electrical functionality 
of 4.2 cm2V−1s−1 with 0.7 V of the threshold voltage. These TFT’s showed an on/ off ratio of 106 and 
0.30 V/ dec of the sub- threshold slope [42]. In another approach, several types of metal oxide- based 
inks of In

2
O

3
, In- Ga- ZnO, Sn- doped In

2
O

3,
 and Al

2
O

3
 were formulated for EHD printing of TFT 
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devices achieving the electron transfer characteristics of up to 117 cm2/ V.s. These TFT’s had been 
annealed at the lower temperature range of less than 350°C [43]. Inkjet- printed tin oxide films on 
polyimide substrates were fabricated for gas sensing applications. Initially, SnO

2
 nano inks were 

synthesized through the sol- gel method and formulated with ethylene glycol and glycerol. Ethanol 
and 2- iso- propoxyethanol were used as the rheology modifiers for attaining the required jettability 
of the inks. The formulated inks have achieved a viscosity of 10 mPa.s, ST of 32 mN/ m and Z value 
of 2.7 [44].

5.6  CONCLUSIONS AND FUTURE PROSPECTIVE

The chapter covers an in- depth summary of different production methods of the nano- inks enlisting 
their advantages and limitations. Different formulation techniques involved with the need of solving 
the challenges associated with them have been addressed. The various deposition techniques are 
compared to opt for the best suitable choice as 3D printing for fabricating the contour patterns. The 
use of metallic, carbon- based nano inks and their hybrid counterparts were shown with the extru-
sion and IJP. The detailed characterization framework with mass concentration, viscosity, and other 
rheological properties plays an important part in defining the jettability window to quantify the ink’s 
performance in these printing techniques.

As the global market demand for these nano inks is growing, the current synthesis methods have 
technological as well as economic constraints for large scalability. This increasing demand cannot 
be met with the present restricted production rates in batch size production. These methods lack the 
repeatable results for the controlled synthesis of NPs with the desired morphology (size and shape), 
minimum impurities, and higher final concentration with the continuous production process. The 
literature on the use of the different precursors for making the initial precursor solutions for the scal-
able, robust, and reliable synthesis of nano inks is still very limited. It highlights a significant market 
gap for the methods that lend themselves to the mass production of nano inks and thus rendering it 
commercially viable. This can be a great opportunity for researchers in the coming time to develop 
viable solutions. As the present conventional deposition techniques also lack cost- effective com-
mercial prospects and faster, and more precise deposition. The inkjet and extrusion printing of 3D 
printing techniques have shown considerable potential in meeting these challenges for the depos-
ition of nano inks on different substrates.
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6.1  INTRODUCTION

Additive manufacturing (AM), popularly known as 3D printing, is the fastest- growing emergent 
technology in the industry sectors. The technology can allow for the creation of solid prototypes of 
a range of sizes through a layer- by- layer (LbL) arrangement, consuming minimal inputs with high 
performance in terms of reproducibility and fidelity. Through the AM approach, it is possible to 
model digitally the target geometry on a software program, avoiding some pertinent problems such 
as pre- modeling time and experimental errors. In addition, AM can improve the manufacturing cost 
and final quality of the customized objects [1]– [4].

The working concept of AM method can be realized in four steps: (i) the creation of computer-  
aided design (CAD); (ii) slicing it in modeling software, observing if support pillars are needed;  
(iii) their conversion to g- code format (per example); and (iv) printing the target geometry. However,  
some disadvantages observed in AM included anisotropic behavior, few available additives, and  
difficulty in obtaining smooth surfaces. For this reason, some post- manufacturing steps have been  
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84 3D Printing: Fundamentals to Emerging Applications

developed with the aim of improving the printable geometry [4]. According to the resolution ISO/  
ASTM 52900:2015 [5], the 3D printing principles include material jetting, powder bed fusion, vat  
photopolymerization, and material extrusion (Figure 6.1).

Thanks to the recent development of the above- mentioned techniques, it is possible to create 
3D segments for numerous applications, such as for the aerospace, electronics, civic construction, 
jewelry, and dental & medicine industries (Figure 6.2). The AM approach has demonstrated greater 
potentiality during the outbreak of COVID- 19, in which 3D printed apparatus included face shields, 
plastic holder for assembling an emergency dwelling , swab sampling, testing devices, and alterna-
tive breathers [6]. The literature indicates that the manufacturing methods stereolithography (SLA) 
and fused deposition modeling (FDM) are the most ideal methods due to high- resolution and cost- 
effectiveness, respectively. The printers can be obtained commercially and exhibit the capacity to 
load single and/ or multiple additive materials aiming to create solid structures with different colors 
and/ or distinct physical- chemical properties [1].

The general components of a 3D printer include (i) printer head; (ii) working bed; (iii) an extruder 
motor or laser beam; (iv) temperature sensor; (v) and finally the additives that will be discussed fur-
ther below. There are thermoset materials and thermoplastic filament as the main additive materials 

FIGURE 6.2 Most usual applications of additive materials.

FIGURE 6.1 Main examples of 3D printing techniques.
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employed on 3D printers [2], [7]. Normally, the additive material can be manufactured by using 
three stages: pre- selection of the ideal properties; synthesis of the target material; a combination of 
polymeric composites.

Thermoset resins are dependent on light treatment for realizing the polymerization process, and 
they offer the possibility to construct high- quality objects. The transition between the liquid and 
solid phases occurs by the exposure of each layer to photoreactive UV/ visible light laser at 300 to 
405 nm, forming a solid layer with thicknesses ranging from 25 to 200 μm. The ideal conditions for 
realizing the manufacture of photopolymers depend on the planned utilization, ranging from pure 
elastomers and rigid material to functionalized structures. The main challenges presented in additive 
resin included slow polymerization, viscosity control, environmental interaction, material cost, and 
additional steps for creating high- defined objects [2].

Thermoplastic filaments are created by the combination of amorphous and/ or semicrystalline 
polymeric structures so that there is a well- definite temperature of solid to semi- liquid transition, 
that is the melting point [8], [9]. The most popular examples of filaments include insulating, flexible, 
and biopolymers. Also, there are conductive composites that can be manufactured based on a mix-
ture of polymeric binders and metals or carbon allotropes. The melting temperature depends on the 
loaded plastic filament which can range from 190 to 290 ºC. The major drawbacks observed in the 
above materials are the possibilities for creating high resolution on nano- micro segments, durability 
materials, translucid layers, and the absence of local roughness [4].

This chapter is dedicated to demonstrating some examples of available additive materials that can 
be employed in the AM field. Discussion, challenges, and perspectives involving the fabrication and 
utilization steps of photoresin, and thermoplastic materials will be also carefully presented.

6.2  FABRICATION OF THERMOPLASTIC ADDITIVE

The approach FDM also known as fused filament fabrication (FFF), is the most popular method of 
3D printing today [9]– [13]. This method consists of the controlled deposition of a thermoplastic 
filament through a moving nozzle or orifice heated above the glass transition temperature of the 
polymer. The deposited polymer solidifies on the printing table to form the desired LbL object. 
There are a wide variety of commercially available thermoplastic filaments in various colors, and 
different mechanical and electrical properties that can be used for FDM. The most commonly used 
are polylactic acid (PLA) and acrylonitrile butadiene styrene copolymer (ABS). Other polymeric 
filaments for FDM include polyvinyl alcohol (PVA), polyethylene terephthalate (PET), nylon, 
thermoplastic elastomeric (TPE), polycarbonate (PC), polycaprolactone (PCL), and high- impact 
strength polyethylene (HIPS).

The thermoplastic filaments applied in FDM are manufactured using the extrusion process. The 
schematic representation of a screw extruder is shown in Figure 6.3. The single- screw extruder 
consists of five main components, including a feeding system, drive system, screw system, barrel 
and heaters, head and die assembly [14]. The feed system includes the feed hopper and screw feed 
section. The drive system includes the motor, main gear, and thrust bearing assembly. The motor 
together with the gears is responsible for rotating the screw to which it is attached. On extruders that 
have two screws, the motor rotates them in opposite directions to promote greater material shearing 
efficiency. The main function of the screw system is to push the solid material along the barrel into 
regions of high temperature and pressure, where it is heated and compacted until it passes through a 
mold or dies in the shape of the desired object. The control system allows you to regulate the oper-
ating parameters including, motor speed per minute (rpm) and barrel temperature [12].

For the manufacturing of filaments, the polymer received in the form of granules or pellets is  
deposited directly into a hopper over the feed throats. Gravity and screw rotation ensures the polymer  
feed to the extrusion. Before starting the extrusion process, some polymers must go through a drying  
procedure to avoid their degradation due to moisture. Nylon, polyester, PET, and polycarbonate for  
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example are very hygroscopic and commonly go through a drying process before extrusion. Other  
materials that have not been stored in temperature and humidity- controlled environments should also  
be dried beforehand. This pre- treatment is important because any moisture present in the polymer  
will be evaporated in the extruder and, depending on the amount, may result in surface flaws such  
as bumps and holes in the product. In general, most polymers can be dried in dehumidifiers with  
dew points of −40 °C (−40 °F). In addition, additives can also be mixed with the polymer before  
extrusion [9], [13].

Various types of additives can be used to enable different properties for the desired product 
including, heat stabilizers, oxidative stability, UV stability, color pigments, flame retardants, and 
reinforcements, among others. To ensure uniform distribution of the additive in the polymeric 
material each component of the polymer/ additive blend can either be added gravimetrically directly 
into the feed throat or be pre- blended. The feeding method will depend on the components to be 
mixed and the available machinery. Feeding additives directly into the extrusion throat is most effi-
cient when you have a feeder with dimensions suitable for each component of the mix. However, in 
many situations, multiple feeder systems are not available, so a pre- blending process is necessary. 
Each component is weighed separately and added to a mixing system.

The most common mixing systems include drum mixers, V
cone

 mixers, drum rollers, and others. 
When mixing components of different sizes, adequate control is required. Mixing between pellets 
and powder, for example, may not be efficient since powder tends to flow between the pellets. As a 
result, the product may have more of the powder component at the beginning of the extrusion, while 
at the end of the process there will be more of the pellet product in the product. Coating the pellets 
with small amounts of mineral oil to create an adherent surface for the powder is one strategy to 
minimize this problem.

The properly treated and moisture- free pure polymer or polymer blend is then fed into the extruder 
barrel. The barrel consists of the feed zone, transition zone, and metering zone. In the feed zone, the 
polymer is melted and transported to the transition zone where the melting of the polymer occurs 
gradually [15]. The molten material fills the gaps between the screw and the barrel. In the metering 
zone, the fully melted material is pumped toward the die to be finally extruded. Based on the desired 
filament diameters, the cross- sectional dimension of the die is chosen. For filaments with a diameter 
of 1.75 mm, a die with a diameter of 2.5 to 3.5 mm is generally used. After extrusion, the material 
goes through a cooling process, which is usually done using water, air, or contact with a cold sur-
face. The cooled filament is pulled away from the extruder using a puller. The speed of extraction is 
crucial to producing the correct dimensions of the product. Therefore, it is necessary to have control 
of the tension and speed of extraction and adjust them to the production rate of the extruder.

FIGURE 6.3 Schematic representation of single screw extruder setup utilized for manufacturing thermoplastic 
filament.
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6.3  SYNTHESIS OF POLYMERIC PHOTORESIN

The traditional manufacturing process for constructing additive thermosets can be realized by 
the based combination of semi- viscous liquid photoresin and photoinitiator agents [3], [16]– [18]. 
Additionally, other materials such as dyes, conductive, or biomaterials can be utilized according to 
their final utilization [19]. Additive resin there is excellent performance in terms of mechanical prop-
erties, electrical insulation, resistance to corrosion, and chemical resistance, for example. Examples 
of additive resin included the ACPR- 48, vinyl ester, DL260®, RTM370®, and Irix White®. Normally, 
the aforementioned materials are obtained from petroleum feedstock to natural resources and the 
final resin is composed of meth(acrylate)- based and/ or epoxy- based components. Monomeric 
or oligomeric structures are well- known as additive options that can be manufactured by using 
cycloaliphatic, epoxidized, and glycated epoxy resins [1], [20].

So far, the working principle of the manufacturing method is associated with chemicals 
synthesized by direct oxidation of the corresponding olefin and/ or through glycidation process that 
occurs when blending bisphenol, A, and epichlorohydrin reagents, for example. For improving the 
cure time, the resin is prepared in the presence of photoinitiator compounds, also nominated as  
(un)cleavable agents and up to now, some fabrication approaches are protected by patents redu-
cing their accessibility. These structures can be subdivided into types I and II that correspond to 
cleavable and uncleavable compounds, respectively [20]. There are photoinitiators compounds 
such as chalcone, chromone, perylene, diketopyrrolopyrrole, acridine, naphthalimide, iodonium 
salts, squaraines, benzophenone, bodipy, porphyrin, coumarine, pyridinium derivatives, carbazoles, 
cyclohexanones, and so on [20].

Thermoset resin can be polymerized by radicalization process utilizing a combination of 
laser source and scanner system on builder platform also known as vat compartment. The 
photosensitive resin is converted from liquid to solid phase when scanned by a laser beam and 
the final thickness of the solid layer depends on the quality of the laser tool [2]. Traditionally, 
cationic or hybrid photopolymerization are preferred technique for curing the liquid resin. After 
finishing the printing step, the desired objects are submitted to a post- treatment process such 
as heating or photo- curing aim to improve the mechanical properties of the final printed layers. 
However, it could be noticed that manufacturing liquid resin with high viscosity is a challenge 
for 3D- printing research groups [3].

6.4  ADDITIVES IN 3D PRINTING

Additive materials are developed to find distinct physics– chemical properties, including, insulating, 
flexible, conductive, and bio- based compatible, that can be applied for numerous prototyping situ-
ations directly at home and workplaces such as labs, offices, industries, and schools. The sections 
below are dedicated to introducing the most popular examples of additives in the 3D- printing field, 
from utilized additives to applications. Figure 6.4 schematically indicates the additives materials.

6.4.1  reinforceMent on filaMents

The thermoplastic filaments can have their physical- chemical properties improved, according to the 
desired application, by adding other components to the polymeric matrix. Several research groups 
have been developing the combination of different materials. Zhong et al. [21] modified ABS 
thermoplastic with short glass fibers and linear low- density polyethylene (LLDPE). The authors 
reported that the combination of ABS and glass fiber increased the stiffness and softening tempera-
ture of the polymer. However, the polymer product became brittle at room temperature preventing its 
use for FDM. The addition of LLDPE coupled with compatibilizer (hydrogenated Buna- N) to ABS 
allowed to obtain a tough filament with adequate flexibility for handling. Singh et al. evaluated the 
influence of aluminum oxide particle size in combination with nylon [22].
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The mechanical properties of the material modified with single particle size (SPS), double par-
ticle size (DPS), and triple particle size (TPS) were studied. The experiments indicated that SPS  
provides better percentage elongation of the material. The best values for properties such as tensile 
strength, yield strength, and elastic modulus (or Young’s modulus) were obtained when DPS  
was used. The addition of carbon nanotubes and short carbon fiber in ABS was investigated by  
Zhang et al. [23]. Shear tests were performed to evaluate the interfacial bonding properties between  
pure ABS, ABS with carbon nanotubes (CNTABS), and ABS with glass fiber (CFABS) threads.  
CFABBS showed the highest porosity indices; in 0° and ± 45° raster orientations, and higher tensile  
strength, compared to ABS and CNTABS. On the other hand, at the 90° angle the tensile strength of  
CFABS presents lower values than ABS and CNTABS due to the reduction of interfacial bonding  
from the increase of voids in the material.

The combination of ABS and short carbon fiber was also reported by Tekinalp et al. [24]. The 
authors also found that there was an increase in the distribution of voids in ABS with increasing 
fiber composition due to weak interfacial interaction between the materials. On the other hand, up 
to 20% of the amount of carbon fiber in the material was a significant increase in tensile strength. 
In addition, the fiber orientation of the FDM printed parts has the same direction as the deposition, 
ensuring the increase of mechanical properties of the final product. Short glass fibers have also been 
combined with polypropylene [25]. Filaments of polypropylene (PP) and glass fiber were evaluated 
in the absence and presence of polyophefin maleic anhydride (POE- g- MA) in the composition. The 
parts printed with PP and glass fiber showed higher modulus and strength of the composite, but 
with reduced flexibility. However, the addition of POE- g- MA to the components favored increased 
product flexibility.

The addition of fibers to photoresins can also increase the mechanical properties of SLA printed 
parts. Cheah et al. evaluated the influence of mixing short glass fibers with acrylic- based resin [26]. 
As a result, parts produced with 20% by volume glass fibers showed an increase in the modulus of 
elasticity and tensile strength. In addition, the shrinkage of the reinforced parts was lower than that 
of the pure parts. Llewellyn- Jones et al. have developed a method to manipulate the orientation of 
glass fibers within a photocurable resin system [27]. The fiber orientation is controlled by chan-
ging the ultrasonic stationary wave profile during printing. Various orientation angles have been 
achieved demonstrating the versatility of the process. This approach opens the possibility of creating 

FIGURE 6.4 Some examples of materials employed for fabricating additives for 3D printing technology.
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complex fiber geometries within a three- dimensional printed system. Carbon fiber has been used as 
a reinforcement for photoresins. However, the addition of this composite in resins can be problem-
atic, as carbon fiber is opaque and can inhibit UV light incidence making it impossible to fully cure 
the part. Gupta and Ogale combined UV radiation and heat treatments to cure high- volume carbon 
fiber reinforced resins [28]. About a quarter of the polymerization of the part is impaired, mainly in 
the inner regions of the carbon fibers and the resin layer. However, the tensile strength was increased 
by 95% after 1 h of the heat treatment process.

6.4.2  flexiBle filaMents

Flexible filaments fall into the group of thermoplastic elastomers (TPE) which involve copolymers 
or blends of rubber with thermoplastic materials. Elastomer materials are generally characterized 
by tensile tests, hardness measurements, compression tests, tear tests, and shear and flexural 
measurements [29]. Flexible filaments used in FDM can be found on the market under trade names 
including Poro- Lay Series®, NinjaFlex®, UniFlex®, and FlexiFil®. TPE has been widely exploited 
to produce medical devices and for the manufacturing of deformable sensors. Thus, in recent years 
significant research efforts have been directed toward the development of elastomeric composites 
for 3D printing. The development of a composite ink of CNT and PDMS was reported by Wei et al. 
[30] for the production of a corrugated flexible electrode (Figure 6.5A and 6.5B). The connection 
angles of the corrugated electrode were optimized to maximize the elasticity and electrical conduct-
ivity of the device. 8% CNT in the polymeric base composition was sufficient to make the PDMS 
suitable for printing. The stretchable electrodes with a 45° connection angle showed high elasticity 
with a strain rate greater than 300% and excellent electrical stability with minimal variations upon 
stretching.

The combination of a highly flexible polymer with some type of highly conductive filler can 
also be used for the fabrication of strain sensors. The addition of multi- walled carbon nanotubes 
(MWCNTs) to TPU was reported by Christ et al. for printing strain sensors with high elasticity and 
piezoresistive properties [31]. The addition of MWCNTs improved the stiffness, modulus of elas-
ticity, and electrical conductivity of TPU. In addition, it was observed that MWCNT composition 
had a significant impact on the sensitivity of the system. Kim et al. combined CNT and TPU for 
printing multi- axial force sensors [32]. The structural region of the sensor was fabricated using pure 
TPU filament, while CNT/ TPU filament was employed to fabricate the sensing region. The sensor 
was able to measure forces from three orthogonal axes (x, y, and z) with high sensitivity allowing for 
detection of a submillimeter scale of deflection. Xiang et al. evaluated the CNT/ TPU combination 
for flexible deflection sensors [33]. 1- Pyrenecarboxylic acid (PCA) was added to the polymer blend 
to improve the dispersion of CNT in the TPU matrix. As a result of more uniform CNT dispersion, 
the mechanical and electrical properties of the modified composite were increased. In addition, the 
sensor exhibited high sensitivity and a large detectable strain.

Photosensitive resins with elastomeric properties have also been developed by several authors.  
Jukka et al. synthesized a polyurethane resin for the production of elastomeric objects by combining  
PDMS, poly(tetramethylene) oxide (PTMO), isophorone diisocyanate (IPDI), (hydroxyethyl)meth-
acrylate (HEMA) and 2- methyl- 1propanol alcohol [34]. The light- cured objects showed Young’s  
modulus of 2.5 MPa, a tensile strength of 3.7 MPa, and elongation at a break of 195%. Chen et al.  
combined commercial components including hydroxyethyl acrylate (HEA), methyltrimethoxysilane  
(MTMS) to obtain an ultra- low viscosity (about 10 cps) photo- curable resin suitable for printing  
elastomeric objects [35]. Figure 6.5C displays some objects printed with the flexible resin. The  
printed elastomers showed good mechanical properties with maximum yield stress and tensile  
strength of 3.75 MPa and 205%, respectively. Magdassi et al. [29] reported the mixing of aliphatic  
urethane diacrylate (AUD, Ebercryl 8413, Allnex) and epoxy aliphatic acrylate (EAA, Ebecryl  
113) to obtain a highly elastomeric photocurable resin (Figure 6.5D). Different ratios between AUD  
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and EAA generated products with Young’s modulus ranging from 0.5 to 4.21 MPa. In addition,  
the elastomer produced exhibited elongation at break up to 1100%, about five times more than the  
elongation of commercial UV- cured elastomers.

6.4.3  conductiVe Materials

Conductive additives are traditionally composed of synthetic or natural binder dopped with metallic 
particles, carbon allotropes, or conductive polymers. The most ideal metal groups dopped on binders 
are composed of copper, nickel, silver, aluminum, silica, and iron, for example. From the micro 
point of view, the metallic particles are chosen for manufacturing additives as additional components 
because of their short gap between the valence and conduction bond that assures excellent elec-
trical properties to the final filament composition. The ideal mass percentage of metals that can be 
dopped in additive composites ranged from 5 to 30%. Higher values to a percentage of 30% can be 
prejudiced against the mechanical behavior of the desired additive materials.

On the other hand, another example of additional material doped on polymeric resin or thermo-
plastic is based on carbon particles that can be selected to fabricate additive composites due to their 
advantages in terms of low- cost, dispersion on solvent, functionalize, high contact area surface, and 
most important the capacity of electron- transfer. The conductive properties of carbon allotropes can 
be associated with the mobility of electrons to the π orbital localized between the lamellae from 
carbon structures.

Examples of allotropes carbon successfully dopped in additive materials included graphite,  
nanotube, graphene, carbon fiber, and carbon black. There are examples of commercially available 
filaments such as Proto- Pasta®, and Magic- Black® that are composed of PLA doped with  
carbon black and graphene, respectively. It is important to mention that the electrical resistivity  
of the additive material can be strongly altered depending on some information such as the choice  

FIGURE 6.5 Devices printed with elastomeric materials. (A) Flexible CNT and PDMS sensors printed on 
serpentine and (B) representation showing their stretching process. Scale bar of 10 mm. (C) Objects printed 
with HEA and MTMS- based photoresin. Assembly and disassembly of (i) screw and nut; compression and 
release of (ii) nut and (iii) bracelet. (D) Highly deformable balloon printed by UV- curable resin based on AUD 
and EAA. (i) undeformed state; (ii) inflated state by three times the original size. Scale bar of 10 mm. ((A) 
and (B) Adapted with permission [30], Copyright (2017), Wiley. (C) Adapted with permission [35], Copyright 
(2021), Wiley. (D) Adapted with permission [29], Copyright (2017), Wiley.
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of proportions between the binders/ conductive structures and the selected printing parameters.  
Considering the FDM, the parameters examples as infill density, layer height, printed speed, infill  
pattern, and nozzle/ bed temperature must be carefully observed. Other important information must  
be observed when loading the additive agent on the 3D- printer tool there are printing direction and  
thickness of the desired objects. The printing process based on vertical direction and pre- selected  
thickness with a value over 10 mm are most recommended for conductive structures.

Scordo et al. demonstrated the combination of insulating and conductive polymers for creating 
resin with electrical and mechanical properties. The materials poly(ethylene glycol) diacrylate 
(PEGDA), poly(3,4- ethylenedioxythiophene) (PEDOT), and Irgacure 819® ma(photoinitiator struc-
ture) were successful mixed and exhibited two important functions, high conductivity, and bio-
compatibility (Figure 6.6). The authors calculated the value of conductivity to the reported resin 
and obtained values ~ 0.05 S/ cm, emerging then as a powerful conductive additive for 3D- printing 
applications.

Tan et al. [36] indicated that it is possible to create conductive resin through simple integration 
between silver nanowires/ polyvinylpyrrolidone (PVP) and the reported materials exhibited values 
of conductivity ~ 13.7 kΩ (0.014 S/ cm) (Figure 6.7). The metal Ag doped in the additive resin 
does not compromise the performance of the final solid geometry and the electrical characterization 
showed that the reported conductive material can be explored in the most varied field of 3D- printing 
technology.

FIGURE 6.6 Example of manufactured conductive resin and final electronic device. Adapted with permission 
[19], Copyright (2019), Elsevier.
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Foster et al. [7] manufactured conductive filament combining native PLA pellets/ nanographite  
and the reported filament (Ø =  1.75 mm) was loaded on an FDM printer to create carbon- based  
sensing electrodes. The authors’ utilized carbon structures less than ~500 nm (particle size) as a  
conductive agent and the reported electrochemical devices revealed heterogeneous electron transfer  
rate constant (k

0
) ~ 8.12 × 10−3 cm/ s and successful detection of heavy metals (Cd and Pb). Kaynan  

et al. [14] reported that the materials carbon nanotube (CNT) and polyetherimide can be explored  
as additive filaments in the electronic field. The reported filament was fabricated by using CNT ~ 7  
wt% and exhibited a conductivity value of ~ 0.26 S/ cm. Through the reported study was possible to  
see that the particle size of CNT was drastically reduced after the manufacturing process (reduction  
~ 40%) probably associated with the local high shear forces and mechanical stirring observed during  
the melting step. However, the mentioned above characteristics do not compromise the electrical  
properties of the target filament.

6.4.4  PharMaceutical and Medical aPPlications

The introduction of drugs in a polymeric matrix is being explored for application in the pharma-
ceutical industry that one of the most important markets in the medical & dental fields. In general, 
printable raw materials require in- depth characterization of their properties. Excipients suitable 
for FDM have glass transition temperatures lower than the decomposition temperature of the drug 
and suitable rheological properties. In addition, the polymer product must have mechanical prop-
erties suitable for the printing process, since very brittle or soft filaments can be easily broken or 
squeezed by the feed gears making extrusion impossible. Various polymeric substrates, plasticizers, 
and lubricants are used to improve printability [37], [38].

Numerous studies have shown the use of these polymeric materials in the creation of oral 
pharmaceutical forms. Drugs can be incorporated directly into the commercial filaments by 
swelling the filament in API solution in a volatile solvent followed by drying or by HME. 
Prednisolone was added to PVA for the production of extended- release tablets by FDM [39]. 
Figure 6.8A depicts tablets manufactured in an ellipse shape and dissolved in a mixture of 
methanol and water. High- Performance Liquid Chromatography (HPLC) and dissolution test 
were used to validate the accuracy of the dose and drug release patterns. The printed tablets 
exhibited a dose accuracy range of 88.7 to 107%, while the release of prednisolone from a 3D- 
printed tablet was extended for 24 h.

FIGURE 6.7 (A) Electronic circuit of the 3D printed conductive composite and (B) reported dependence 
between applied potential and current values. Adapted with permission [36], Copyright (2021), Elsevier.
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Goyanes et al. demonstrated great efforts in modifying PVA for the preparation of oral pharma-
ceutical forms for FDM by both methodologies. Various drugs including, fluorescein [40], budesonide 
[41], paracetamol [42], and caffeine [42] were incorporated into the polymeric material to evaluate 
the release profile of 3D printed drugs. The method of re- extrusion of ground filaments with API 
by hot- melt extrusion (HME) takes advantage by demonstrating higher accuracy in the content of 
printed drugs. Moreover, this approach allows the production of filaments with higher drug content 
and mechanical properties suitable for 3D printing [40], [41].

Muwaffak et al. [43] developed antimicrobial dressings made of polycaprolactone (PCL) loaded 
with zinc, copper, and silver. Filaments with different concentrations of metals were used to manu-
facture dressings of various shapes. All dressings showed prolonged release of the different metals 
and bactericidal properties. However, it was concluded that the silver and copper dressings had 
greater bactericidal capacity. In addition, compared to conventional flat dressings, the anatomically 
conformable dressings exhibited greater comfort and adhesion in complex anatomical areas.

Biocompatible resin has been developed to facilitate the application of AM in the medicine  
industry. Grigoryan et al. [44] used PEG- diacrylate (PEGDA) to create a resin to produce a non-  
cellular vascularized alveolar unit that was capable of breathing (Figure 6.8B). The authors noted  
that the printed PEGDA- based device with a molecular mass of 6 kDa withstood more than 10,000  
cycles of oxygen or nitrogen ventilation at 24 kPa and a frequency of 0.5 Hz for a period of 6h.  
Lim et al. [45] reported the development of a bio- compatible resin with a combination of PVA  
methacrylate (PVA- MA) and gelatin methacrylate (GelMA) to produce biological tissues. The ratio  
of 10% by weight of PVA- MA/ 1% by weight of GelMA allowed the construction of complex cell-  
laden structures suitable for bone and cartilage tissue formation.

FIGURE 6.8 Devices printed with biocompatible materials. (A) PVA and prednisolone thermoplastic filament 
printed tablets. (B) PEGDA- based devices containing entangled vascular networks (3 mm scale bar). (C) Printed 
device during the process of oxygenation of red blood cells (scale bar of 3mm). (D) Cerebrum, ear, trachea, 
heart, lung, and vascular network printed with Sil- MA photosensitive resin. (A) Adapted with permission [39], 
Copyright (2015), Elsevier. (B) and (C) Adapted with permission [44], Copyright (2019), Science.
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Akopova et al. [46] used chitosan prepared from crab chitin to produce a photocurable bioresin. 
The photo- reticulable chitosan was synthesized by introducing allyl substituents to the molecule. 
The allyl substituted chitosan- based photoresin was suitable for SLA allowing printing of well- 
defined polymeric scaffolds. Kim et al. [47] described the use of silk fibroin (SF) extracted from 
the silkworm Bombyx mori to produce a bio- ink. Glycidyl methacrylate (GMA) was used to add 
methacrylate groups to the side groups of SF- containing amines producing the photoresist silk 
methacrylate- based resin (Sil- MA). Sil- MA was successfully employed for DLP prints allowing the 
production of complex, biocompatible structures including the heart, vessel, brain, trachea, and ear 
as presented in Figure 6.8C and 6.8D.

6.5  CONCLUSION AND PERSPECTIVES

This chapter revised the main examples of additive materials and their most usual synthetic routes. 
Also introduced the drawbacks and advantages of the utilization of thermoplastic and photoresin 
on 3D printers and some grateful examples of applications. Through the fabrication process of 
thermoset and thermoplastic additives was possible to see additives with different colors and dis-
tinct physical- chemical properties such as flexibility, conductivity, insulating, translucid, and bio-
compatible. In addition, the revised manufactured protocols indicated the most usual proportions of 
additives agents and photoresin or thermoplastic binders.

The review benefits herein discussed included the examples of chemical synthesis for obtaining 
the photoresin and the ideal melting point for manufacturing the filament. There are drawbacks 
of the above materials, such as manufacture time, anisotropic tendency, few available additives, 
smooth surfaces, and high cost of photoresin. If the pure thermoplastic filaments demonstrated poor 
mechanical and conductive performance, the literature has successfully indicated some efforts for 
improving the physical- chemical properties by reinforcing the materials with glass and carbon fibers.

In terms of the manufacturing methods, the photoresin and thermoplastic composites can be 
obtained through the market, labs, and/ or by ‘do it yourself’ approaches. However, the purity of 
additive materials can be influenced by the final quality of the desired filament, mainly in the cases 
involving photoresin fabrication. Considering their utilization, the additive materials when associated 
with 3D- printing technology can be useful for some sections of the industrial field, highlighting the 
electronic and medical applications.

Despite being a popular approach for manufacturing, from compact to bigger products and most 
modern applications, the additive materials need to be available commercially, and look forward to 
their finalization of patent time aiming to decrease the cost of materials and equipment. Nonetheless, 
the trend of the additive materials devoted to 3D- printing applications has been extremely positive, 
emerging as a present and future manufacturing option for the most complex objects for supporting 
the community and industrial needs.
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7.1  INTRODUCTION

The increasing impacts and consequences of climate change that affect livelihood have led to global 
efforts in reducing CO

2
 emissions [1], [2]. This momentum has accelerated the search for clean 

energy as part of the transition to a more sustainable society. The electrochemical energy conver-
sion processes offer an attractive green route to produce clean energy. When driven by renewable 
energies such as solar, wind, and hydro, this technology formed an integral component of efforts in 
creating sustainable energy as an alternative to fossil fuel- based economies. Further development 
of electrochemical technologies is needed in advancing more efficient, and low- cost production of 
clean fuels to promote its widespread applications.

A prominent example of such technology is the production of green hydrogen through the elec-
trochemical splitting of water via water electrolyzers [3], [4]. This process using electricity to split 
water offers a clean route compared to ‘brown hydrogen’ generated via a gasification process that 
released significant CO

2
. The high energy density of hydrogen is attractive in hard- to- decarbonize 

and energy- intensive industries such as shipping, iron, steel, chemicals, and aviation, and hence 
could play a critical role in the urgent goal of limiting CO

2
 emissions [5]. The emergence of addi-

tive manufacturing or 3D printing technologies has found applications in a wide range of areas, 
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including energy applications [6], [7]. 3D printing allows for the fabrication of a three- dimensional 
structure via a layer- by- layer deposition using a computer- created design. There is increasing evi-
dence that 3D printing could play an important role in catalyst assemblies and in designing electro-
chemical water splitting cells [6], [8].

In this chapter, we discuss the applications of 3D printing technology for electrochemical water 
splitting. Firstly, we discuss the principle and fundamentals of electrochemical water splitting, 
including the light- driven photoelectrochemical process. We review the 3D printing techniques that 
have been employed for the electrochemical water splitting application, in both conductive (e.g., 
electrodes) and non- conductive (e.g., vessel, container) components. The emphasis is on the elec-
trode fabrications which are the centers for the electrochemical reactions. This includes strategies 
of catalyst assemblies during electrode preparations, post- processing, and water splitting device 
fabrication. Finally, we discuss the aspects of ongoing challenges and the prospect of 3D printing 
for electrochemical water splitting.

7.2  FUNDAMENTALS OF ELECTROCHEMICAL WATER SPLITTING

Water splitting is a process of breaking down water into hydrogen and oxygen. This can be achieved 
by applying an electric current through water in a process called electrolysis of water. The electro-
chemical water splitting cell involves two half- cell reactions. The oxidation reaction generates O

2
, 

which is known as the oxygen evolution reaction (OER). The reduction reaction that generates H
2
 is 

known as the hydrogen evolution reaction (HER). The overall reaction is described by Equation 7.1.

 2H
2
O → 2H

2
 +  O

2
 (7.1)

To drive the reaction, a minimal theoretical voltage of 1.23 V under standard conditions is required. 
However, an additional voltage called overpotentials must be applied to overcome the kinetic 
barriers, hence obtaining desirable current density to produce gases. Electrocatalysts play a role in 
lowering the overpotentials, which reduces the energy inputs (e.g., at lower cost) to generate gases at 
a given reaction rate [9], [10]. OER and HER reactions produce oxygen and hydrogen, respectively, 
with the stoichiometric of 1:2 as shown in Equation 7.1. The mechanism of the two half- reactions 
involved in water electrolysis is both multi- step processes, as described below.
OER reactions:

 2H
2
O → O

2
 +  4H+  +  4e-  (7.2)

 4OH-  → O
2
 +  2H

2
O +  4e-  (7.3)

OER is a four electrons multistep transfer process, which proceeds via a kinetically slow reaction. 
Hence, it is considered a thermodynamically uphill and energetically demanding process. In acidic 
media, water is oxidized into oxygen and protons (Equation 7.2), whereas in alkaline media, the 
hydroxide ion is oxidized into water and oxygen (Equation 7.3).
HER reactions:

 2H+  +  2e-  → H
2
 (7.4)

 2H
2
O +  2e-  → H

2
 +  2OH-  (7.5)

HER is a two- electron process. In acidic media, it involves the reduction of two protons to generate 
hydrogen (Equation 7.4). In alkaline media, the HER occurs via a similar reaction pathway as in 
an acidic solution, except it involves the reduction of water instead of protons (Equation 7.5). The 
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requirement to break the strong O- H bond in water resulting in HER is energetically more demanding 
in alkaline media, hence it is typically having slower reaction rates than that in acidic media.

Photoelectrochemical water- splitting harvests the light to split water molecules into O
2
 and H

2
, 

with the help of a suitable photocatalyst [11], [12]. In the photoelectrochemical water splitting cell, 
a semiconductor with an appropriate bandgap that is capable of absorbing desired wavelengths of 
light is deposited on a conductive substrate for charge transport in the presence of an electrolyte. 
Upon illumination, photoelectrodes induce intrinsic ionization of the electrodes to produce elec-
trical charge carriers, whereby electrons are transported to the conduction band and holes to the 
valence bands. Photogenerated holes oxidize and split water into O

2
 and H+  ions, and O

2
 is released 

at the anode. Electrons generated at the anode are transferred to the cathode through an external cir-
cuit, where H+  ions are reduced to produce H

2
 gas. Catalysts are employed to enhance the reaction 

kinetics and minimize surface and bulk charge recombination at the photoelectrodes [12].

7.3  3D PRINTING METHODS FOR ELECTROCHEMICAL WATER SPLITTING 
APPLICATIONS

In recent years, there are increasing research activities in 3D printing for energy conversion and 
storage- related applications [6], [8]. 3D printing allows rapid prototyping which is beneficial as a 
proof- of- concept, accelerating the progress of fundamental understanding and applied research. This 
technology also allows the fabrication of internal structures and complex geometries that is difficult 
to be attained via traditional manufacturing method. An increasingly prominent and attractive aspect 
of this technology is its environmental and sustainability manufacturing criteria, which decreases 
material waste, therefore, reducing the CO

2
 footprint. For example, printing technology only used 

the required materials with minimal waste, whereby excessive waste materials are often produced 
from the manual removal or computer- controlled machining processes in traditional subtractive 
manufacturing.

There are wide- ranging 3D- printing methods [13], [14], and we highlight here the commonly 
employed 3D- printing methods for electrochemical water splitting devices. There are two distinctly 
different components for this application, the electrodes and the associated electrochemical reactors, 
which require the use of conductive and non- conductive materials, respectively. As described earlier, 
the technology performance is largely dependent on the electrodes consisting of electrocatalysts 
where the water splitting reaction takes place. Therefore, the 3D printing fabrication approach 
ideally should incorporate the beneficial features that optimized the water splitting reaction.

7.3.1  faBrication of conductiVe coMPonents

The conductive components of electrochemical water splitting devices refers to the electrodes 
employed in both anodic and cathodic compartments. The water splitting reaction occurs at anode 
and cathode in the presence of catalysts, which is therefore arguably the most critical 3D printing 
components for this application. In general, the fabrication of conductive electrodes commonly 
employed printing techniques such as selective laser melting (SLM), fused deposition modeling 
(FDM), and direct ink writing (DIW).

Among all the above- mentioned methods, metal printing via SLM offers the most direct route 
to fabricating solid electrodes with high conductivity. SLM is designed to use a high power- density 
laser to form a 3D structure by melting and fusing metallic powders layer- by- layer [15]. The 
employed metal powders include titanium, copper, nickel, stainless steel, and aluminum. Titanium 
and its alloys are among the most common metals in 3D printing with parts produced having wide-
spread applications across aerospace and biomedical industries [16]. Therefore, it is not surprising 
that a greater understanding of the printing parameters of titanium leads to it serving as electrodes 
or as a platform for water splitting. Note that titanium itself is known to be inefficient for water 
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splitting, hence post- modifications of the electrode surface are required to activate the electrodes. 
Further details will be discussed in Section 4. Copper and aluminum offer high conductivity but are 
known to be unstable in both acidic and alkaline electrolytes; therefore, they are rarely printed for 
water splitting application. However, nickel and stainless steel are stable as metallic substrates for 
alkaline- based water splitting applications. Nickel- based nanomaterials particularly are known to be 
one of the best catalysts for alkaline water splitting [17].

FDM is a material extrusion method in which materials are extruded through a nozzle and joined 
together to form 3D structures [18]. The FDM process typically uses thermoplastic as feedstock 
materials, usually in the forms of filaments or pellets. The thermoplastic materials include polylactic 
acid (PLA), acrylonitrile butadiene styrene (ABS), polyurethane (PU), and polycaprolactone (PCL). 
In comparison to SLM, FDM offers a low- cost printing approach and hence is one of the most 
widely accessible printing facilities in the laboratories. However, due to the incorporation of some 
portion of polymer which is less conductive, electrodes for OER and HER produced from the FDM 
method are typically not highly conductive. Some pre- treatments of the fabricated electrodes are 
needed to activate the electrodes.

Another extrusion- based 3D printing by using that ink is DIW. Inks consist of rheological com-
plex fluids, in which the electroactive materials are mixed with additives and solvents to form an 
extrudable paste. To obtain mechanically stable and functional electrodes, inks must be formulated 
to meet stringent criteria for printability with desirable rheology to meet targeted functional 
applications [19]. DIW is more widely employed in electrochemical storage applications such as 
batteries and supercapacitors, than in catalytic systems [20]. This may be due to more stringent 
requirements in terms of electrode mechanical and chemical stabilities for electrocatalytic appli-
cation. Anh et al. fabricated NiFe layered double hydroxide (LDH) pyramid electrodes for OER 
(Figure 7.1a) [21]. Firstly, direct- ink- writing of a graphene pyramid array was performed, followed 
by electrodeposition of a copper conductive layer and NiFe- LDH electrocatalyst layer on printed 
pyramids. The 3D pyramid structures with NiFe- LDH electrocatalyst layers were found to increase 
the surface area and the active sites of the electrode and improved the OER activity. The NiFe- 
LDH pyramid electrode was found to have lower overpotential and higher exchange current density 
compared to that of the NiFe- LDH deposited Cu (NiFe- LDH/ Cu) foil electrode under the same base 
area. The 3D- printed NiFe- LDH electrode also exhibited excellent durability with limited decay for 
60 h. Therefore, by employing optimized ink rheology, DIW could be an effective approach to fab-
ricating active, stable, and low- cost OER electrodes.

It is worth mentioning another less common electrode fabrication approach by stereolithography 
(SLA) [22]. This method however only serves to produce electrode support rather than a standalone 
electrode, which requires an additional conductive coating to serve as an electrode (Figure 7.1b(i)). 
For example, the rectangular- shaped mesh has been printed based on commercially available 
PlasClear resin that acts as insulating support (Figure 7.1b(ii)) [23]. Activation of the electrode 
surface was initially performed by dipping the support scaffold in commercially available elec-
troless copper solution C (5 wt % HCl and 5 wt % SnCl

2
), and subsequently in electroless copper 

solution D (5 wt % HCl and 5 wt % PdCl
2
) for 5 min each, with oven drying at 60 oC after each 

step. A NiP conductive catalyst support was then achieved by immersing in a commercial electro-
less solution containing NiCl

2
, NaPO

2
H

2
, C

4
H

4
Na

2
O

4
, and HF. The fabricated NiP/ Plas Clear 3D- 

printed electrode exhibited excellent OER performance of 1.53 V vs reversible hydrogen electrode 
(RHE) at 10 mA/ cm2. The NiP coated electrodes exhibited excellent stability for both OER and 
HER (Figure 7.1b(ii)).

7.3.2  faBrication of non- conductiVe coMPonents

Non- conductive components for water splitting devices are referred to as the polymeric part that  
is suitable to serve as a cell vessel or reactor. Practically, this component should be inert from the  
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electrochemical reaction, therefore highly chemical resistive and stable. For example, electrolytes  
employed in an optimal water splitting system that provide high current densities at low overpotentials  
are either highly acidic or alkaline aqueous electrolyte. This is evident from the commercial proton-  
exchange membrane (PEM) and alkaline- exchange membrane (AEM) electrolyzers technologies  
[3], [24].

There is a wide range of polymer printing technologies such as techniques based on the melting 
of thermoplastic filaments (FDM) or powders (selective laser sintering [SLS]), as well as reactive 
monomers and resins (SLA). The printable thermoplastic materials include polypropylene (PP), 
polystyrene (PS), polycarbonate (PC), polylactic acid (PLA), and acrylonitrile butadiene styrene 
(ABS). ABS and PLA filaments which are widely used in FDM printing have been employed 

FIGURE 7.1 (a) The three steps procedure in fabricating NiFe- LDH involving direct- ink- writing. Adapted 
with permission [21]. Copyright: The Authors, some rights reserved; exclusive licensee Springer Nature. 
Distributed under a Creative Commons Attribution License 4.0 (CC BY). (b) The strategy of plated conductive 
catalyst (NiP) on 3D- printed polymers of different geometries (i), with optical and SEM images of the electrode 
and its electrochemical stability test (ii). Adapted with permission [23]. Copyright: The Authors, some rights 
reserved; exclusive licensee John Wiley & Sons. Distributed under a Creative Commons Attribution License 
4.0 (CC BY).
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to fabricate water splitting electrochemical reactors [25]– [27]. However, the drawback of FDM 
printing is the printed parts potentially have porosity and stability issues due to the inter- filament 
voids and artifacts from the layer- by- layer fabrication. The post- processing strategy of printed parts 
such as thermal annealing might improve the mechanical structure. A more commonly employed 
strategy to enhance the mechanical properties is by printing composite materials, which consist of 
the additives such as graphene, carbon fibers, and carbon nanotubes. Among all materials, polytetra-
fluoroethylene (PTFE) is known to be highly chemical resistive and stable. The emergence of com-
mercially available 3MTM DyneonTM PTFE offers an attractive route in fabricating electrochemical 
reactors for water splitting applications.

7.4  POST- PROCESSING OF 3D- PRINTED ELECTRODES

Post- processing of printed electrodes is an important surface modification step to achieve their desir-
able functional properties. These steps could involve the introduction of an additional conductive 
layer, incorporating catalyst layers, or modifying the surface and chemical properties of the printed 
surfaces. Both printed metallic and polymeric electrodes have been subject to post- processing as 
discussed below.

7.4.1  Metallic electrodes

Optimization of electrode geometries which allow efficient mass transports with respect to reactant 
accessibility to catalyst active sites, and gas removals from the electrode surface is important in 
electrolyzer performance [28]. If the gases trap and build on the electrode surface, the electrode 
passivation could occur, which in turn will decrease the electrolysis activity. 3D printing offers 
opportunities in create electrode supports with such functionality in optimization of mass transport 
of reactant and product. Some complex geometries such as ribbons, baskets, meshes, conical arrays, 
and meshes have been printed for OER and/ or HER reactions. In comparison to 316 L stainless steel 
printed in the ribbons, baskets, and meshes that were all coated with IrO

2
, it was found that ribbons 

structure with wide open access of electrolyte showed the best OER performance [29].
Since metallic 3D- printed electrodes are readily conductive, electrodeposition is one of the 

most effective and common approaches to incorporating catalysts on the surface of the electrode. 
The low cost and simplicity of electrodeposition allow homogeneous coverage of catalyst on any 
type and shape of printed electrodes. The ease of transferred electrolyte bath formulas results in 
a large amount of OER and HER catalysts, such as Pt, IrO

2
, Ni, NiP, NiFe- LDH, MoS

2
, and Ni- 

MoS
2
 electrodeposited to the printed structures [25], [30]. As expected, enhanced OER and HER 

performances were achieved in the presence of active catalysts (Figure 7.2a). The effect of geo-
metric is shown, for example, higher OER performance of IrO

2
 electrodeposited on ribbon shape 

3D- printed stainless steel, compared to as- printed flat stainless steel [29].
Another low- cost electrochemical modification approach is anodization. Similar to 

electrodeposition, a vast knowledge has been developed on anodization strategies on metallic surfaces 
in developing porous structures that lead to catalyst activation and enhanced surface area [31], 
[32]. One example of combining 3D printing and anodization method is for photoelectrochemical 
water splitting application. Lee et al. employed SLM to produce unique microstructure electrodes 
to enhance reactive surface area and optimize light absorption characteristics [33]. The conical 
microarray structure was compounded with the growth of nanotubes via anodization that provides 
a distinctive blend of nano and microstructures that is beneficial for photoelectrochemical water 
splitting (Figure 7.3a). One of the major limitations of metal- based SLM for nanotechnology- 
driven applications lies in the capability in creating features in micro- instead of nanodomain. This 
work addressed to some extent this challenge by introducing nanofeatures onto the hierarchical 3D 
microstructures.
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To create an electroactive layer on the printed surface, the atomic layer deposition (ALD) strategy  
was employed. Browne et al. deposited TiO

2
 by ALD onto stainless steel 3D- printed electrodes to  

serve as photoanodes for photoelectrochemical water oxidation [34]. ALD offers the advantage of  
precise tuning and control of the TiO

2
 thicknesses. It was found that the water oxidation perform-

ance increases with photoanodes with a thicker TiO
2
 layer (Figure 7.3b). ALD strategy allows pre-

cise control of the deposited thin layer of catalyst, but the challenge is the difficulty in obtaining a  
homogeneous deposit layer when involving complex geometries of structures. This method also is  
more expensive and has limited flexibility on the materials to be deposited.

FIGURE 7.2 (a) The electrochemical surface modification on 3D- printed metallic electrodes, and the 
enhanced OER and HER performance with catalyst deposited on the stainless- steel electrodes. Adapted with 
permission [30]. Copyright (2018) John Wiley & Sons. (b) The steps to produce in- house catalyst- PLA filament 
containing MoSe

2
, 20 % Pt/ C and carbon black (i– iii), and the optical image of bubble formation from MoSe

2
- 

PLA electrode for HER (iv). Adapted with permission [37]. Copyright: The Authors, some rights reserved; 
exclusive licensee The Royal Society of Chemistry. Distributed under a Creative Commons Attribution License 
3.0 (CC BY).
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7.4.2  PolyMer- coMPosite electrodes

The printed polymer electrodes consist of a composite of carbon materials and thermoplastic polymer 
that are fabricated by FDM printers. The incorporation of carbon materials such as graphene offers the 
required conductivity to be served as electrodes. For example, an electrode fabricated from commer-
cially available ‘Black Magic’ filament consisting of graphene and PLA has been examined for HER 
activity [35]. Foster et al. reported the importance of electrode activation by continuous cycling in acidic 
media between 0 to - 1.5 V vs. SCE [35]. The printed electrode exhibited improved HER performance 
after increasing the cycling from 100 to 1000 cycles. They proposed increase in HER activity was due to 
the hydrolyzation of the PLA chain that revealed the reactive material suspected to be titanium- derived 
contaminants evident from X- ray photoelectron spectroscopy analysis. This impurity was potentially 
created during graphene- PLA filament manufacturing. Further investigation by Browne and Pumera 
reveals the impurity may not be limited to Ti, but also Fe and Al [36]. Hence, it is important to have a 
thorough check on the impurity of polymer electrodes before being employed for electrolysis studies. 
Otherwise, the origin of electrocatalytic activity may be misinterpreted.

Instead of using commercial thermoplastic filaments with unknown content and impurities, making 
an in- house filament with a well- control procedure would be an attractive option. Hughes et al. fabricated 
PLA filaments containing electro- conductive carbon with electrocatalytic materials being either 2D- 
MoSe

2
 or 20% Pt on carbon [37]. The MoSe

2
 –  PLA filaments were prepared by firstly refluxing xylene 

with MoSe
2
 powder and conductive carbon black powder, followed by the addition of PLA with a desir-

able ratio and further reflux to produce a homogeneous mixture (Figure 7.2b). They investigated optimal 
rheology for printing by varying ratios of MoSe

2
 to carbon black. To make filaments for 3D printing, 

FIGURE 7.3 (a) The graphical illustration of electrochemical anodization post- processing strategy on 3D- printed 
conical array electrodes to form 1D nanotubular TiO

2
 structures, followed by annealing and electrochemical 

hydrogenation. Adapted with permission [33]. Copyright (2017) John Wiley & Sons. (b) The atomic layer deposition 
of TiO

2
 on the 3D- printed stainless electrodes shows enhanced photoelectrochemical performance with the increase 

in the deposition layers. Adapted with permission [34]. Copyright (2019) John Wiley & Sons.
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the dried power from a mixture of carbon black and MoSe
2
 were crystalline at 50 oC and loaded into an 

extruder at 200 oC. The PLA- MoSe
2
 filaments were then printed into the electrodes for HER and OER 

studies. It was found a 25% mass incorporation of MoSe
2
- carbon black represents an ideal compromise 

between electroactivity and printability; 10% MoSe
2
 was found to offer highly active HER catalysis by 

exposing Se atoms at its active edge sites, whilst the incorporation of 15% conductive carbon offered to 
optimize electrical pathways through the printed electrodes.

7.5  3D- PRINTED PROTOTYPE ELECTROLYZER DEVICES

The previous section discussed the use of 3D printing to fabricate structural components related 
to electrochemical water splitting devices. This section focuses on the design and manufacture of 
various types of integrated electrolyzer cells. The electrolyzers are either partly or almost entirely 
made by 3D printing. The prototype cells involve both acidic and alkaline- based water electrolyzers, 
that are either membrane or membrane- less systems.

7.5.1  MeMBrane electrolyzers

The printing of water electrolysis cells from various materials and designs is of significant interest. 3D 
printing facilitates the testing of new concept and design that is beneficial in improving electrochemical 
water splitting performance. Figure 7.4a shows a water- splitting cell that consists of metallic 3D- printed 
surface- patterned electrodes integrated with a custom- built reaction vessel produced via polymer- based 
3D printing [26]. The electrode’s conical surface structures were printed from Ti and Ni, including a 
curved base printed by the SLM method. The transformation of inactive Ti electrodes was achieved by 
the electrodeposition of an active nickel catalyst. The printed compartmented electrochemical cell was 
designed with both anode and cathode facing outward and separated by a Nafion membrane. This design 
was proposed and could also be used for photoelectrochemical water splitting experiments, particularly 
the curvy electrode that may improve light absorption.

Figure 7.4b shows the assembly of the alkaline electrolyzer with the metallic electrodes by SLM  
and the liquid/ gas cell plastic (PLA) components by FDM reported by Ambrosi and Pumera [25].  

FIGURE 7.4 (a) The assembly of 3D- printed electrochemical water splitting cell consists of tailored made 
titanium electrodes, a translucent proprietary photopolymer vessel, and ABS base support. Adapted with 
permission [26]. Copyright (2019) John Wiley & Sons. (b) The electrochemical flow cell consists of 3D- 
printed stainless steel electrodes, and PLA polymeric vessel. The comparison of electrochemical water splitting 
performance was made between electrodes with and without catalysts modifications. Adapted with permission 
[25]. Copyright (2018) John Wiley & Sons.
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The electrodes were produced in stainless steel which can be directly used for both HER and OER  
in alkaline electrolytes. They electrodeposited earth- abundant catalysts, and NiFe double layer  
hydroxide on the steel electrodes to enhance the overall water splitting performance. A thin film of  
Ni- MoS

2
 composite was deposited on the stainless- steel cathode. The modification by these earth-  

abundant electrocatalysts shows a decrease in overpotential of more than 250 mV compared to the  
unmodified 3D- printed steel electrodes.

In an acidic water splitting system, PEM water splitting electrolyzers would require materials 
having mechanical and corrosion resistance properties which make them expensive to be fabricated. 
This high capital cost could hamper the prospect of large- scale deployment of electrolyzers. The 
rapid prototyping method could assist in reducing the materials fabrication and assembly cost 
by printing the complex flow plate architectures with lower- cost materials. Chrishom et al. first 
employed 3D- printing methods to fabricate a lightweight and low- cost flow plate for a PEM elec-
trolyzer [38]. FDM was used to create a flow field from polypropylene, which was subsequently 
coated with a silver layer to provide conductivity. The fabricated plates were used in a commercially 
available membrane electrode assembly.

Another example of a 3D- printed PEM electrolyzer was reported by Yang and co- workers [39].  
They demonstrated simplification in the PEM electrolyzer, where four conventional parts, namely  
liquid/ gas diffusion layer, bipolar plate, gasket, and current distributor were integrated into one  
multifunctional 3D- printed plate (Figure 7.5a). This strategy was found to reduce the interfacial  
contact resistances between those components, resulting in excellent energy efficiency of up to  
86.5% at 2 A/ cm2 and 80°C. The hydrogen generation rate was increased by 62% compared to the  
conventional cell. Their work highlighted the merits of fabricating highly complex inner structures  

FIGURE 7.5 (a) The electrolyzer cell assembled by integrating the current distributor, bipolar plate, gasket, 
and LGDL into a single 3D- printed plate. The proton exchange membrane electrolysis performance test was 
tested on different configurations of cathode plates: parallel flow channel, pin flow channel, and pin flow 
channel. Adapted with permission [39]. Copyright (2018) Elsevier. (b) The 3D- printed flow- field plates of 
PLA electroplated with nickel that were separated by the membrane electrode assembly, with a housing made 
from ABS plastic (i– ii). The electrochemical performance evaluation in alkaline media (iii). Adapted with 
permission [40]. Copyright (2016) The Royal Society of Chemistry.
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of multifunctional plates by 3D printing, which offers an advantage in compared to conventional  
electrolyzer manufacture methods.

The development of flow plate architectures by 3D printing is also extended to alkaline electro-
lyzer systems. Hudkins et al. electroplating nickel onto 3D- printed PLA flow fields (Figure 7.5b) 
[40]. In combination with titanium current collectors and a commercial MEA, an efficient water 
splitting electrolyzer was achieved. A comparison of the performance of the 3D- printed PLA- Ni 
plated plate to a Ni alloy plate typically used in commercial setup shows the printed plate was able 
to reach 100 mA/ cm2 current density at 2.2 V, whilst a higher voltage of 2.3 V is needed for the 
one with the Ni alloy plate. The cell was found to be stable in short term (Figure 7.5a), but it is to 
be examined the stability over a longer period for commercial applications. The techno- economic 
advantage of this approach can be justified by the raw materials costs of the bipolar plate could be 
reduced by half if the nickel were replaced by nickel- coated polylactic acid. It was proposed further 
cost savings are achievable by replacing other expensive metals such as stainless steel and titanium 
found in electrolyzers.

7.5.2  MeMBraneless electrolyzers

Membraneless electrolyzers utilize fluidic forces, instead of solid barriers such as membranes to 
separate gas products from the electrolytic reaction [41], [42]. The advantages of these electrolyzers 
include having low ionic resistance, a simpler design, lower maintenance and the ability to operate 
with electrolytes at different pH. Hashemi et al. reported a membrane- less water electrolyzer by 3D 
printing [43]. Components such as the flow plates and the fluidic ports have been integrated into a 
monolithic part, which provides tight tolerances and smooth surfaces for precise flow conditioning 
(Figure 7.6a). They demonstrated that inertial fluidic forces are effective in milli- fluidic regimes, 
enabling control of the two- phase flows inside the device and preventing cross- contamination of 
the products. The performance of the device was examined for water splitting and the chlor- alkali 
reactions, and product purities were more than 99% with Faradaic efficiencies of more than 90%. 
They claimed the membrane- less reactor provides close to 40 times higher throughput than its 
microfluidic counterpart.

Bui et al. reported a membraneless design with three pairs of 3D- printed electrodes that were 
clicked into a printed monolithic lid containing manifolding readily for gas collection (Figure 7.6b) 
[44]. These electrodes were 3D printed using FDM from a composite of conductive carbon and 
PLA, followed by electrodeposition of nickel electrocatalyst. This membraneless architecture was 
operated in a stagnant KOH electrolyte through the buoyancy- driven separation of gases. The click-
able nature of the electrode also offers ease of replenishment by electrodeposition. This 3D- printed 
electrolyzer reported an electrolysis efficiency of 48% at 50 mA/ cm2. Although such efficiency and 
cross- over rates did not meet the commercial application requirements, this work demonstrated the 
use of 3D printing as a rapid prototyping method to test new concepts and designs.

7.6  OUTLOOK AND CONCLUSIONS

Additive manufacturing for energy applications is an emerging research area that is expected to  
be continuously evolved along with further advancements in printing techniques and capabilities. 
The application of electrochemical water splitting has been widely investigated and is more  
advanced compared to other electrochemical energy systems. This is motivated by the significant  
scientific and economic interests in advancing electrolyzer technology for green hydrogen produc-
tion. In addition, the simplicity of water splitting reaction in terms of the required reactant,  
and generated product promotes widespread studies. The water splitting performance analyses are  
readily evaluated through the current- voltage curves, and the products only consist of hydrogen and  
oxygen. Comparatively, other prominent electrochemical processes such as CO

2
 electrolysis require  
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the design of a specific cell to optimize the supply of CO
2
 and more complex quantitative analytical  

measurement of multiple products.
The printing techniques for electrochemical water splitting are covering both conductive and 

non- conductive materials. To serve as an electrode, the basic requirement is for the electrode to be 
conductive and stable. To obtain high- performance catalytic reactions, the catalysts need to be in 
the nanoscale regions and have a high surface area. SLM method, for example, offers capability 
in the printing of metallic substrates such as titanium, nickel, and stainless steel, but typically 
at the microscale regions. This illustrated the current limitations of metallic printings which do 
not have the resolution required to serve directly as an electrode. Therefore, the post- processing 
of 3D- printed electrodes served as an essential integrated strategy to activate the electrode. The 

FIGURE 7.6 (a) The membraneless electrolyzer with the reactor is 3D printed by SLA with the electrodes 
(yellow) between the devised slots (i). The schematic diagram illustrated the essential of a fast flow rate to 
minimize gas crossover (ii). Adapted with permission [43]. Copyright: The Authors, some rights reserved; 
exclusive licensee The Royal Society of Chemistry. Distributed under a Creative Commons Attribution License 
3.0 (CC BY). (b) The schematic illustration of the procedure to fabricate ‘clickable’ 3D- printed electrode 
fabrication (i– v) used in the membraneless electrolyzer (vi), and (vii) shows a six- electrode configuration 
voltage- time performance at 20 and 50 mA/ cm2, respectively. Adapted with permission [44]. Copyright (2020) 
The Royal Society of Chemistry.
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availability of materials is also another major limitation in metallic printing where the printed 
materials are restricted to several common metals, which metal such as Ti is inactive for water 
splitting reactions. The catalyst’s performance also could be enhanced by a synergetic bimetallic 
strategy. Therefore, further development of printing strategy by allowing incorporation of two or 
more metals would be advantageous for electrochemical water splitting reaction. This is particu-
larly the case since bimetallic metals such as alloy consisting of Ni and Fe served best for OER 
water splitting reaction.

Another common printing strategy is the printing of composite carbon- based electrode materials. 
This method is more widely used in the laboratory as it involves low- cost printers and materials. 
However, the addition of binders such as thermoplastic results in poorer conductivity that cannot 
support the high currents required for efficient electrochemical water splitting. A more resistive 
electrode also results in excess voltage needed to drive the reaction that makes such an electrode not 
practically feasible for commercial application. Improvement can be obtained by post- processing 
such as deposition of a conductive layer for catalyst support, but the question remains of the robust-
ness of such electrodes compared to metallic- based electrodes for long- term operation. Hence, 
investigations of 3D- printed carbon- based electrodes is likely to stay as proof- of- concept and for 
fundamental studies. Extrusion methods such as DIW have been attempted to print inks consisting 
of nanocatalysts, but the printing resolution remained low hampering the necessity of high catalytic 
surface area for efficient catalytic reactions. The robustness of the printed inks to operate under com-
mercially relevant electrolysis conditions (e.g., temperature, electrolyte, and duration) also remains 
to be tested.

In comparison to electrodes, the printing of non- conductive polymeric components to serve as 
electrochemical reactors is more accomplished. Reactors served as an essential integrated part of 
an electrolyzer and could lead to innovation in cell designs that would improve cell performance 
and efficiency. An example of these advances is the printing of membraneless water splitting reactor 
with tailored microfluidic channels. Innovation in flow reactor designs has highlighted the distinct 
advantages of 3D printing in terms of design freedom and rapid prototyping compared to traditional 
manufacturing. Generally, 3D printing of non- conductive components requires reduced demand 
on printing resolution and complexity. The key consideration lies in the selection of polymeric 
materials that must be resistive to the electrolytes employed in the water electrolysis conditions 
that either at high or low pH. Unsuitable materials may result in the leaching of dissolve polymers 
and other associated components, and those impurities could participate in the electrochemical oxi-
dation or reduction reactions. This interference would severely affect the performance analysis as 
well as the product’s quantification. Another potential non- conductive component is the printing 
of membranes, but the development of a suitable membrane to serve for water splitting application 
remains to be seen [45].

In conclusion, 3D printing technology is expected to be continuously evolved, stimulating 
innovations in electrodes and reactor designs for electrochemical water splitting devices. The 
advantages of 3D printing are its eco- friendly and rapid prototyping approach, which contributes 
to the fabrication of electrochemical devices. To further advance the application of 3D printing 
technologies in electrode fabrication, breakthroughs are needed to overcome current limitations in 
printing resolutions, material availability, and printing sizes. The design of metallic printers capable 
of achieving feature resolution closer to the nanoscale region potentially allows direct fabrication 
of active and high surface area electrodes. Future expansion of a wider range of printing metallic 
materials, including alloys, would offer the flexibility to directly print electroactive components. 
The work may also be extended to biological water splitting systems [46]. Other advances such as 
the incorporation of machine learning may assist in the design and optimization of electrodes and 
reactors for electrochemical water splitting [47]. These advances would promote 3D printing tech-
nology in translating fundamental scientific advances in water splitting reaction to device fabrica-
tion, bringing us closer to a breakthrough in water electrolyzer technology.
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8.1  INTRODUCTION

Solid oxide fuel cell (SOFC) is an energy conversion device that can directly convert the chemical  
energy of fuel into electrical energy. Because of its advantages of high energy conversion efficiency,  
environment friendly, fuel flexibility, and low catalyst cost, SOFC is considered as a potential next-  
generation power system. Recently, 3D- printing technology has been widely applied to SOFC field  
because it can flexibly prepare highly complex and accurate structures and components. For a single  
cell, 3D- printing technology improves the performance of the cell by designing the electrolyte sur-
face pattern [1]– [3], printing thin and dense electrolytes [4]– [5], and improving the distribution of  
catalyst and cocatalyst in the porous electrode [6]. In practical applications, the power of single cells  
is limited, and multiple single cells are often assembled into a stack through connectors in parallel  
or in series to meet the power demand. As shown in Figure 8.1(a– b), the manufacturing process of  
the planar- cell stack [7] and the tubular- cell stack is complicated [8], and there are lots of connectors  
and seals in the stack. The thermal expansion coefficients of different materials are quite different,  
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resulting in thermal stress during the working process of the cell, which greatly affects the reliability  
and durability of the SOFC system, restricting its commercialization process.

The emergence of 3D printing technology provides a new method for the preparation of the 
SOFC stack, as shown in Figure 8.1(c). Firstly, the electrolyte support of the stack is prepared inte-
grally, and then the electrode layer is deposited on it. The integrated SOFC stack module can be 
obtained without the steps of single- cell preparation, connection, and manual assembly. 3D- printing 
technology can improve manufacturing accuracy, flexibly adjust manufacturing dimensions, design 
and customize complex architecture, and ensure standardization and repeatability of the manu-
facturing process [9]. In addition, 3D printing is expected to improve transport performance and 
realize its efficient and long- term stable operation through scientific design and optimization of the 
structure of the stack and auxiliary system. This chapter briefly introduces several commonly used    
3D- printing technologies, and mainly summarizes many attempts to prepare SOFC cathode    
[10]– [11], anode [6], [12]– [13], electrolyte [4]– [5], stack components, stack adaptive functional 
devices, and auxiliary systems by 3D- printing technology [7], [14]– [16]. The challenges faced 
by 3D printing technology in the SOFC field are analyzed, and the development direction of    
3D- printing technology in the SOFC field in the future is put forward.

8.2  MATERIALS OF 3D PRINT IN SOFC

The main components of SOFC include the electrolyte, anode, and cathode. Generally, 3 mol%/ 
8 mol% yttria- stabilized zirconia (3YSZ/ 8YSZ), gadolinia- doped ceria (GDC), scandia- stabilized 
zirconia (SSZ) are commonly used electrolytes, and NiO is widely used as the anode in SOFC. 
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(LSCF-CGO) composite cathodes are the frequently used cathode. 3D- printing technology uses 
digital slices in a 3D computer- aided design (CAD) model to manufacture devices by adding 
materials through the steps of point-by-point, line- by- line, or layer- by- layer superposition [17].  

FIGURE 8.1 (a) Planar and (b) Tubular SOFC stack prepared by traditional method (c) Fabrication of SOFC 
stack by 3D printing. Adapted with permission [7]. Copyright (2019), Elsevier.
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TABLE 8.1
Common 3D Printing Technologies and Features in SOFC

Printing 
Technologies

Materials 
Status

Prototyping 
Principle Limit of Material Merits Demerits Application in SOFC

IJP [18] Suspension Binder bonding Powder needs physical 
or chemical 
combination

Simple equipment, low cost, 
high precision and precise 
control

Poor ink stability, difficult 
to print high aspect ratio 
devices

Porous electrodes and dense electrolyte 
films, e.g. 8YSZ [4], [5], [18], [19], 
SDC/ SSC [10], LSCF [11], NiO- 
8YSZ [6], [18], BSCF [19], GDC [20]

SLA [2] , [3] Suspension 
or paste

Photopolymerization 
reaction

Photocuring materials Printable for complex structure, 
fine size and large devices

Relatively low shaping speed Electrolyte or electrolyte support, e.g. 
3YSZ [2], 8YSZ [3]

DLP [21] Suspension Photopolymerization 
reaction

Photocuring materials Precise printing ability Limited molding size Electrolyte sheet or electrolyte support, 
e.g. 8YSZ [1], [7], SSZ [22]

FFF [23]/   
FDM [24]

Solid wire Melting and cooling Thermoplastic polymer Low cost, suitable for lots of 
materials, and simple post- 
treatment process

Low resolution of printing 
devices and low strength in 
thickness direction

Porous electrode, e.g. NiO- 8YSZ [23]

DIW [25] Paste Extrusion and 
rheology

Slurry with good 
rheological property

Low cost, high speed, flexible 
printing structure

Low surface quality and 
resolution of printing devices

Porous electrode, e.g. NiO- 8YSZ [26]
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At present, the commonly used 3D- printing technologies in SOFC mainly include inkjet printing 
(IJP), fused deposition modeling (FDM)/ fused filament fabrication (FFF), and direct ink writing 
(DIW). Photocuring printing can be divided into stereolithography apparatus (SLA) and digital 
light processing (DLP) according to the difference in light source and forming mode. Each printing 
technology is used for different purposes due to their unique forming principle and printing 
characteristics. Table 8.1 gives the main characteristics of different 3D- printing methods and the 
specific materials in SOFC.

8.3  APPLICATION OF 3D- PRINTING TECHNOLOGY IN SOFC

3D- printing technology is applied in the SOFC field through three strategies including improving 
single cell performance, flexibly designing stack structure, and simplifying the stack component 
preparation process. Specifically, the microstructure, composition, and thickness of functional films 
are precisely tailored by adjusting the composition and printing parameters of printing materials. 
The exposure of effective surfaces and reactive active sites can be increased by designing complex 
shapes and optimizing layered geometry [27]. Through the integrated design of flexible and com-
plex SOFC structure, the heat and mass transfer effects can be improved, the assembly process 
avoided, the preparation cycle shortened, and the cost saved [28]. Moreover, 3D- printing technology 
is expected to overcome the limitations and reliability problems caused by traditional SOFC manu-
facturing methods and improve its durability and specific power per unit mass or volume [26].

8.3.1  3d Printing cathode

The cell microstructure and the distribution of cathode active components are the main factors 
affecting the electrochemical performance of SOFC. The traditional spraying technology will lead 
to an uneven distribution and structure of active substances on the cathode surface [29]. The precise 
positioning function of inkjet 3D printing can realize the design and preparation of the expected 
structure, ensure the uniform distribution of active components, and then improve cell performance.
For instance, after LSC nanoparticles were inkjet printed onto the LSCF cathode surface, the sur-
face catalysis was significantly enhanced, the polarization impedance of cathode film was signifi-
cantly reduced, and the power was increased by five times [11], which indicated the effectiveness of 
inkjet printing on cathode surface modification. In addition, a porous SDC/ SSC composite cathode 
layer was also prepared by inkjet printing technology [10], and the peak power density (PPD) of 
the assembled cell at 750℃ was up to 940 mW/ cm2. Inkjet printing technology can also accurately 
control the thickness and composition of cathode porous layers. Sukeshini et al. [30] inkjet printed 
LSM cathode layer by adjusting the rheological properties (solid content) and printing parameters. 
Han et al. [31] controlled the inkjet amount by adjusting the gray level of the printed image and 
inkjet printing the LSCF cathode. The results showed that the electrochemical performance was 
comparable to that of the cathode prepared by the conventional method. Moreover, the LSCF- CGO 
porous layer was inkjet printed between the traditionally coated cathode and electrolyte, which 
expanded the three- phase interface length and improved the cell performance by more than 30% 
[32]. This showed that inkjet printing technology has a broad application prospect in cathode layer 
manufacturing.

8.3.2  3d Printing anode

3D printing can realize the addition of anode functional layer (AFL), uniform distribution of pores 
in the electrode, appropriate grain size control of electrode material, and structural design of elec-
trode surface. The printing of the NiO- 8YSZ functional layer was realized by inkjet printing, and 
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the maximum power density of 500 mW/ cm2 was obtained at 850℃ [18]. Besides, the co- catalyst 
BaZr

0.9
Y

0.1
O

3−δ (BZY) was well injected into the NiO- 8YSZ anode by the inkjet printing technology, 
and the distribution of BZY in the electrochemically active region of NiO- 8YSZ anode was accur-
ately controlled. In the humidified H

2
 and dried CH

4
 fuel, the BYZ impregnated NiO- 8YSZ anode 

obtained by inkjet printing technology showed better performance than the traditional NiO- 8YSZ 
anode [6], which proved that inkjet 3D- printing technology played an important role in the manu-
facturing of SOFC microstructure.

In addition to controllable preparation of electrode morphology, 3D- printing technology can also 
improve electrochemical performance by increasing the interface area between SOFC electrode and 
electrolyte. Direct writing printing can prepare anode- supported SOFC with different interface area 
increase ratio by changing the coverage area of extruded slurry [26]. Melt spinning 3D- printing 
technology was also used to prepare NiO- 8YSZ anode support, and the maximum power density at 
850℃ achieved 400 mW/ cm2 [33].

3D- printing technology does not only prepare the planar SOFC modules as mentioned above but 
also microtubular cells. The first microtubular solid oxide fuel cell (MT- SOFC) with high power 
output, long- term stability, and thermal cycle stability prepared by 3D- printing technology achieved 
long- term operation of more than 4000 hours at a constant current of 18.5 A and performed more 
than 1000 rapid thermal cycles without cell failure [34]. This can be attributed to the high thermal 
shock resistance of the microtubular cell and the close adhesion between the electrolyte and the elec-
trode provided by inkjet printing. The above research shows that 3D- printing technology can realize 
controllable anode preparation and obtain excellent performance.

8.3.3  3d Printing electrolyte

8.3.3.1  3D Printing Electrolyte Film
8YSZ electrolyte films have been successfully prepared by a variety of technologies, including RF 
magnetron sputtering [15], chemical vapor deposition (CVD) [35], and electron beam deposition 
[36], but it is difficult to scale up. Tape casting [37] and screen- printing methods are low- cost and 
easy to commercialize, but it is difficult to prepare a thickness less than 10 μm. Liquid phase depos-
ition technologies, such as spray, electrostatic spray deposition (ESP), dip coating, or spin coating, 
are both economical and suitable for preparing thin coatings but require multi- layer coatings and 
complex sintering processes. Compared with these traditional manufacturing methods, direct cer-
amic inkjet printing can easily produce a thickness of less than 10 μm by controlling and optimizing 
printing parameters such as pressure, nozzle opening time, and droplet overlap [38].

The dense 8YSZ with the thickness of about 6 μm prepared on the casting porous NiO- 8YSZ 
anode carrier by inkjet printing was assembled to the single cell of NiO- 8YSZ/ 8YSZ(~6 μm)/ LSM- 
8YSZ/ LSM structure, the open circuit voltage of which was close to the theoretical value [4], which 
successfully proved that inkjet printing was a simple and economical technology for manufacturing 
8YSZ electrolyte film. However, the surface energy of nanoparticles in the inkjet ink is commonly 
high, causing them easy to agglomerate and resulting in poor ink stability.

Two strategies can be adopted to solve the above problems. On the one hand, the thermal inkjet 
technology can print high solid content ink, and the organics in the ink can be evaporated through 
the heating plate. The cell with a 7.5 μm thick 8YSZ electrolyte film and 2 μm SDC functional 
layer had a maximum power density of 1050 mW/ cm2 at 750°C [19]. On the other hand, reducing 
the concentration of nanoparticle ink can also improve printability and stability. Esposito et al. [5] 
successfully prepared the dense 8YSZ electrolyte of 1.2 μm thickness using a low- cost HP Deskjet 
1000 DOD inkjet printer and optimized 3.7 vol% 8YSZ colloidal water- based ink by inkjet printing 
technology. With the dense 8YSZ electrolyte, the prepared SOFC can reach the theoretical open 
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circuit voltage and power density of 1.5 W/ cm2 at 800℃, which further proved the feasibility of 
inkjet printing technology for SOFC electrolyte preparation.

8.3.3.2  3D Printing to Increase the Three- Phase Boundary and Specific Surface Area
The performance of SOFC is mainly controlled by microstructure characteristics such as three- 
phase boundary length and interface- specific surface area [29]. The cathode polarization resistance 
can be reduced by approximately 30% by enlarging the electrode- electrolyte interface through a 
laser micro pattern [39]. When the specific surface area of electrolyte prepared by the engraving 
method was increased by 73%, the cell performance was improved by 59% [40]. The electrolyte 
with a cubic pattern was prepared by the cold stamping method, and the cell performance was 
improved by 64% [41].

However, compared with 3D- printing technology, the above strategies for preparing patterned 
electrolytes were complex and expensive, which is not conducive to the industrial preparation 
of electrolytes. The photocuring 3D- printing technology can simplify the preparation process of 
patterned electrolytes, easily and quickly realizing the preparation of electrolyte- support SOFC [2] 
with planar and honeycomb- patterned electrolytes. Under the same thickness, compared with the 
standard planar cell, the honeycomb structure and corrugated electrolyte prepared by 3D- printing 
technology can increase the electrode/ electrolyte interface, and the cell performance was improved 
by 32% [1] and 15% [2], respectively. When the specific surface area of corrugated electrolyte con-
tinues to increase, the cell performance can be improved by 60% [3], and the PPD can reach 410 
mW/ cm2 at 900°C, which proves that the improvement of corrugated cell performance is positively 
related to the increase in the effective contact area between electrode and electrolyte caused by the 
structural design of electrolyte surface. The 3D- printing method can improve the design freedom of 
high- end complex equipment, effectively improve the SOFC performance, and is an important step 
to reform the energy industry.

8.3.4  3d Printing coMPonents of the cell stack

3D printing integrated preparation of cell stack components cannot only save materials and time 
but also improve the reliability and durability of the SOFC system. Figure 8.2 shows the 8YSZ cell 
module prepared by DLP 3D printing [14]. Although the module presented porous microstructure 
after sintering, which made it difficult to be used directly for cell performance tests, the appearance 
of the complete component has provided a good theoretical basis and technical support for the 
use of 3D- printing technology in SOFC modules. In addition to the 8YSZ cell module, the inde-
pendent three- dimensional channel cell stack support was prepared by DLP 3D technology [15]. 
This structure provides a smooth gas flow channel for the operation of the SOFC stack and greatly 
improves the heat and mass transfer effect, but also poses greater challenges to the preparation pro-
cess. It is necessary to repeatedly iterate and optimize the cell structure preparation process and pro-
cess parameters. The microstructure can be improved by increasing the solid content of the slurry, 
adjusting the printing process parameters, and optimizing the debinding and sintering processes 
[7]. For instance, Jia et al. [42] successfully prepared the electrolyte support of 3D printing inde-
pendent tubular cell stack using 43 vol.% photocuring ceramic suspension and optimized the heat 
treatment procedure of vacuum debinding and air sintering, and obtained a peak power density of 
230 mW/ cm2 at 850°C, which shows that the application of 3D- printing technology in the integrated 
preparation of cell stack is feasible. However, the complete integrated preparation of porous elec-
trode, dense electrolyte, and connector still needs to improve from the aspects of multi- material 
3D- printing technology research and development, slurry preparation process optimization, and 
debinding and sintering process.
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8.3.5  3d Printing stack auxiliary deVice

Compared with large- diameter tubular cells, the micro- tube solid oxide fuel cell (MT- SOFC) has the 
advantages of fast start- up and high power density. To solve the rapid prototyping of the fuel intake 
manifold and economically optimize the fuel path, 3D- printing technology plays an important role 
in optimizing the design of the fuel distribution inlet by its advantages of easy prototyping of com-
plex designs and visualization of concepts [16]. However, the plastic manifold would deform at 
high temperatures, which need to be overcome by using 3D- printed ceramic materials to prepare 
manifolds.

In addition to manifolds, 3D printing can also be used to prepare gas injectors. For anode gas 
recirculation, a blower or gas ejector was applied to return part of the gas at the outlet of the SOFC 
anode channel back to the reformer [43], increasing the efficiency by 5– 16% [44]. By changing 
the channel shape between the suction chamber wall and the nozzle outer wall, stretching the 
mixing chamber and diffuser and eliminating the surface roughness, the total ejector efficiency 
increased by 30% [43]. This showed that 3D printing can prepare not only the electrolyte and 
electrodes but also accessories of SOFC. It has broad development prospects in the overall prep-
aration of SOFC.

8.3.6  challenges of 3d Printing in sofc

The application of 3D- printing technology in the SOFC field has achieved initial success. In 2015, 
Northwestern University successfully printed some independent components of solid oxide fuel 
cells using 3D printers for the first time [45]. Cell3ditor prepared all ceramic, jointless SOFC 
modules with embedded fluid and current integration. Compared with the traditional process, 3D 
printing effectively reduced energy consumption and material waste, reduced assembly costs, sim-
plified the manufacturing process, and shortened the manufacturing cycle of products [46]. Relevant 
patents [47], [48] also provide specific methods, but the integrated preparation of SOFC stacks with 

FIGURE 8.2 (a– i) SOFC assembly with good shape and appearance prepared by 8YSZ. Adapted with 
permission [14]. Copyright (2014), Elsevier, and (j) independent tubular SOFC stack electrolyte support. 
Adapted with permission [15]. Copyright (2020), Elsevier.
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high performance, long life, and stable operation by using 3D- printing technology requires further 
improvement in 3D- printing software, materials, equipment, etc.

8.3.6.1  High Resolution and High Precision Ceramic 3D- Printing Technology
SOFC usually expects area- specific resistance (ASR) < 0.15 Ωcm2 [28] and electrolyte thickness 
less than 50 μm [49] to obtain excellent cell performance. Inkjet printing is appropriate for pre-
paring the electrolyte film, but the printing speed is relatively slow and the particles in the ink 
are easy to agglomerate and precipitate. For high- precision photocuring printing technology, the 
layer thickness is usually larger than 20 μm. Generally, electrolyte with multiple layer thickness is 
desirable to get a defect- free and densified body because it is difficult to achieve sintering densi-
fication for the green body with only a single layer. However, thick electrolyte often brings in 
bad cell performance. Moreover, the repeated positioning accuracy and forming accuracy of the 
present printer are usually at the micron level. Therefore, it is necessary to develop 3D- printing 
technology with high control accuracy to realize direct real- time controllable adjustment of 
microstructure.

8.3.6.2  Manufacturing of Multi- Material and Hybrid 3D Printer
SOFC contains cathode, anode, electrolyte, and other materials. Direct inkjet printing is suitable 
to prepare high- performance functional films, but it is difficult to prepare SOFC stacks which 
have a certain high aspect ratio. Photocuring 3D- printing technology can realize the prepar-
ation of high aspect ratio stacks. However, due to the curing principle limitations of SLA and 
DLP printing, it is difficult to print SOFC anode and cathode materials directly. Therefore, it is 
necessary to further develop multi- material and hybrid 3D printers, combined with the unique 
functions of different printing technologies to build a high aspect ratio multi- material SOFC 
with the required micro-  and nano- level high precision, thus realizing the integrated prepar-
ation of SOFC stack. However, to realize the integrated preparation of porous electrodes, dense 
electrolytes, and connectors, cross- scale preparation is required, and multi- disciplinary cooper-
ation from equipment, control, materials, chemical engineering, and design is also needed. The 
relationships between the slurry preparation process, printing process, heat treatment process, 
structure control, and cell performance need to be explored in depth, and the technical problems 
such as slurry universality, multi- material synchronous printing, and accurate equipment regu-
lation need to be solved.

8.4  SUMMARY AND PROSPECT

3D- printing technology is a breakthrough technology for manufacturing devices with any complex 
geometry, which greatly simplifies the design and manufacturing process. In the field of SOFC, 
3D- printing technology provides a new way to simplify the preparation process of SOFC stack and 
improve the electrochemical performance, provides the possibility for the preparation of integrated 
SOFC stack, excavates potential in maximizing the power density per unit mass and unit volume, 
and also provides a strong guarantee for the stable operation and durability of the stack. 3D printing 
can flexibly design the complex three- dimensional channel of gas flow in the cell stack, which is 
conducive to heat and mass transport and increase the effective electrode area. It can greatly improve 
the electrochemical performance of SOFC by simply and accurately controlling the microstruc-
ture, composition, and thickness of the functional film. In addition, the manufacturing of functional 
accessories of SOFC, such as manifold and gas ejector, is also crucial. In the future, 3D printing 
will be comprehensively and systematically applied in the SOFC field. Inkjet printing is suitable 
for the preparation of SOFC thin films. The micro shape can be printed to increase and expose 
effective surfaces to improve the performance of SOFC. However, it is difficult to prepare the stack 
with a certain aspect ratio. Photocurable 3D- printing technology has unique advantages in stack 
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preparation, but the integrated preparation of multi- materials still needs further research and devel-
opment. Due to the limited development of 3D- printing materials at present, the development of 
functional materials or pastes in the SOFC field will be a hot spot in the future. In addition, multi- 
material 3D- printing systems and high- resolution and high- precision 3D- printing technology may 
also be important research directions in the future.

REFERENCES

1  B. Xing, Y. Yao, X. Meng, W. Zhao, M. Shen, S. Gao, Z. Zhao, Self- supported yttria- stabilized zir-
conia ripple- shaped electrolyte for solid oxide fuel cells application by digital light processing three- 
dimension printing, Scripta Mater. 181 (2020) 62– 65.

2  S. Masciandaro, M. Torrell, P. Leone, A. Tarancón, Three- dimensional printed yttria- stabilized 
zirconia self- supported electrolytes for solid oxide fuel cell applications, J. Eur. Ceram. Soc. 39 
(2020) 9– 16.

3  A. Pesce, A. Hornés, M. Núñez, A. Morata, M. Torrella, A. Tarancón, 3D printing the next generation 
of enhanced solid oxide fuel and electrolysis cells, J. Mater. Chem. A. 8 (2020) 16926– 16932.

4  R. I. Tomov, M. Krauz, J. Jewulski, S. C. Hopkins, J. R. Kluczowski, D. M. Glowacka, B. A. 
Glowacki, Direct ceramic inkjet printing of yttria- stabilized zirconia electrolyte layers for anode- 
supported solid oxide fuel cells, J. Power Sources 195 (2010) 7160– 7167.

5  V. Esposito, C. Gadea, J. Hjelm, D. Marani, Q. Hu, K. Agersted, S. Ramousse, S. H. Jensen, 
Fabrication of thin yttria- stabilized- zirconia dense electrolyte layers by inkjet printing for high 
performing solid oxide fuel cells, J. Power Sources 273 (2015) 89– 95.

6  H. Shimada, F. Ohba, X. Li, A. Hagiwar, M. Ihara, Electrochemical behaviors of nickel/ yttria- 
stabilized zirconia anodes with distribution controlled yttrium- doped barium zirconate by ink- jet 
technique, J. Electrochem. Soc. 159 (2012) F360– F367.

7  L. Wei, J. Zhang, F. Yu, W. Zhang, X. Meng, N. Yang, S. Liu, A novel fabrication of yttria- stabilized- 
zirconia dense electrolyte for solid oxide fuel cells by 3D printing technique, Int. J. Hydrogen Energ. 
44 (2019) 6182– 6191.

8  Q. Chen, Q. Qiu, X. Yan, M. Zhou, Y. Zhang, Z. Liu, W. Cai, W. Wang, J. Liu, A compact and seal- 
less direct carbon solid oxide fuel cell stack stepping into practical application, Appl. Energ. 278 
(2020) 115657.

9  G. Jin, Y. Zeng, J. Chen, Fine lattice structural titanium dioxide ceramic produced by DLP 3D 
printing, Ceram. Int. 45 (2019) 23007– 23012.

10 C. Li, H. Chen, H. Shi, O. M. Tade, Z. Shao, Green fabrication of composite cathode with attractive 
performance for solid oxide fuel cells through facile inkjet printing, J. Power Sources 273 (2015) 
465– 471.

11 M. Kim, D. H. Kim, G. D. Han, H. J. Choi, J. H. Shim, Lanthanum strontium cobaltite- infiltrated 
lanthanum strontium cobalt ferrite cathodes fabricated by inkjet printing for high- performance solid 
oxide fuel cells, J. Alloy. Compd. 843 (2020) 155806.

12 T. Mahata, S. R. Nair, R. K. Lenka, P. K. Sinha, Fabrication of Ni- YSZ anode supported tubular 
SOFC through iso- pressing and co- firing route, Int. J. Hydrogen Energ. 37 (2012) 3874– 3882.

13 S. Toshio, F. Yoshihiro, Y. Toshiaki, Y. Fujishiro, M. Awano, Development of cube- type SOFC stacks 
using anode- supported tubular cells, J. Power Sources 175 (2008) 68– 74.

14 E. M. Hernández- Rodríguez, P. Acosta- Mora, J. Méndez- Ramos, E. Borges Chinea, P. Esparza 
Ferrera, J. Canales- Vázquez, P. Núñez, J. C. Ruiz- Morales, Prospective use of the 3D printing tech-
nology for the microstructural engineering of solid oxide fuel cell components, Boletín de la Sociedad 
Española de Cerámica y Vidrio 53 (2014) 213– 216.

15 J. Zhang, L. Wei, X. Meng, F. Yu, N. Yang, S. Liu, Digital light processing- stereolithography three- 
dimensional printing of yttria- stabilized zirconia, Ceram. Int. 46 (2020) 8745– 8753.

16 A. D. Meadowcroft, K. Gulia, K. Kendall, 3D printing and prototyping manifolds for microtubular 
solid oxide fuel cells (mSOFCs), Int. J. Sci. Res. 4 (2015) 709– 712.

17 S. A. M. Tofail, E. P. Koumoulos, A. Bandyopadhyayet, S. Bose, L. O. Donoghue, C. Charitidis, 
Additive manufacturing: Scientific and technological challenges, market uptake and opportunities, 
Mater. Today 21 (2018) 22– 37.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



124 3D Printing: Fundamentals to Emerging Applications

18 M. A. Sukeshini, R. Cummins, T. L. Reitz, R. M. Miller, Ink- jet printing: A versatile method for 
multilayer solid oxide fuel cells fabrication, J. Am. Ceram. Soc. 92 (2009) 2913– 2919.

19 C. Li, H. Shi, R. Ran, C. Su, Z. Shao, Thermal inkjet printing of thin- film electrolytes and buffering 
layers for solid oxide fuel cells with improved performance, Int. J. Hydrogen Energ. 38 (2013) 
9310– 9319.

20 P. Qu, D. Xiong, Z. Zhu, Z. Gong, Y. Li, L. Fan, Z. Liu, P. Wang, C. Liu, Z. Chen, Inkjet printing 
additively manufactured multilayer SOFCs using high quality ceramic inks for performance enhance-
ment, Addit. Manuf. 48 (2021) 102394.

21 H. Quan, T. Zhang, H. Xu, S. Luo, J. Nie, X. Zhu, Photo- curing 3D printing technique and its 
challenges, Bioact. Mater. 5 (2020) 110– 115.

22 D. A. Komissarenko, P. S. Sokolov, A. D. Evstigneeva, I. V. Slyusar, A. S. Nartov, P. A.Volkov, N. 
V. Lyskov, P. V. Evdokimov, V. I. Putlayev, A. E. Dosovitsky, DLP 3D printing of scandia- stabilized 
zirconia ceramics, J. Eur. Ceram. Soc. 41 (2021) 684– 690.

23 C. Berges, A.Wain, R. Andujar, J. A. Naranjo, A. Gallego, E. Nieto, G. Herranz, R. Campana, Fused 
filament fabrication for anode supported SOFC development: Towards advanced, scalable and cost- 
competitive energetic systems, Int. J. Hydrogen Energ. 46 (2021) 26174– 26184.

24 B. Wittbrodta, J. M. Pearce, The effects of PLA color on material properties of 3- D printed 
components, Addit. Manuf. 8 (2015) 110– 116.

25 H. Elsayed, P. Colombo, E. Bernardo, Direct ink writing of wollastonite- diopside glass- ceramic 
scaffolds from a silicone resin and engineered fillers, J. Eur. Ceram. Soc. 37 (2017) 4187– 4195.

26 H. Seo, H. Iwai, M. Kishimoto, C. Ding, M. Saito, H. Yoshida, Microextrusion printing for increasing 
electrode– electrolyte interface in anode- supported solid oxide fuel cells, J. Power Sources 450 (2020) 
227682.

27 M. Dudek, R. I. Tomov, C. Wang, B. A. Glowacki, P. Tomczyka, R. P. Socha, M. Mosialek, 
Feasibility of direct carbon solid oxide fuels cell (DC- SOFC) fabrication by inkjet printing tech-
nology, Electrochim. Acta 105 (2013) 412– 418.

28 J. C. Ruiz- Morales, A. Tarancón, J. Canales- Vázquez, J. Mendez- Ramos, L. Hernández- Afonso, 
P. Acosta- Mora, J. R. Marin Ruedac,  R. Fernández- Gonzáleza, Three dimensional printing of 
components and functional devices for energy and environmental applications, Energ. Environ. Sci. 
10 (2017) 846– 859.

29 H. Moussaoui, R. K. Sharma, J. Debayle, Y. Gavetb, G. Delettea, J. Laurencin, Microstructural 
correlations for specific surface area and triple phase boundary length for composite electrodes of 
solid oxide cells, J. Power Sources 412 (2019) 736– 748.

30 A. Sukeshini, R. Cummins, T. Reitz, R. Miller, Inkjet printing of anode supported SOFC: Comparison 
of slurry pasted cathode and printed cathode, ECS Solid State Lett. 12 (2009) B176– B179.

31 G. Han, H. Choi, K. Bae, H. Choi, D. Jang, J. Shim, Fabrication of lanthanum strontium cobalt 
ferrite- gadolinium doped ceria composite cathodes using a low- price inkjet printer, ACS Appl. Mater. 
Inter. 9 (2017) 39347– 39356.

32 N. Yashiro, T. Usui, K. Kikuta, Application of a thin intermediate cathode layer prepared by inkjet 
printing for SOFCs, J. Eur. Ceram. Soc. 30 (2010) 2093– 2098.

33 C. Berges, A. Wain, R. Andújar, J. Naranjo, A. Gallego, E. Nieto, G. Herranz, R. Campana, Fused 
filament fabrication for anode supported SOFC development: Towards advanced, scalable and cost- 
competitive energetic systems, Int. J. Hydrogen Energ. 46 (2021) 26174– 26184.

34 W. Huang, C. Finnerty, R. Sharp, K. Wang, B. Balili, High- performance 3D printed microtubular 
solid oxide fuel cells, Adv. Mater. Technol. 2 (2017) 1600258.

35 K. Choy, Chemical vapour deposition of coatings, Prog. Mater. Sci. 48 (2003) 57– 170.
36 B. Meng, X. He, Y. Sun, M. Li, Preparation of YSZ electrolyte coatings for SOFC by electron beam 

physical vapor deposition combined with a sol infiltration treatment, Mat. Sci. Eng. B- Adv. 150 
(2008) 83– 88.

37 I. Polishko, S. Ivanchenko, R. Horda, N. Lysunenkoa, L. Kovalenko, Tape casted SOFC based on 
Ukrainian 8YSZ powder, Mater. Today: Proceedings 6 (2019) 237– 241.

38 D. Young, A. Sukeshini, R. Cummins, H. Xiao, M. Rottmayer, T. Reitz, Ink- jet printing of electrolyte 
and anode functional layer for solid oxide fuel cells, J. Power Sources 184 (2008) 191– 196.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



125Materials and Applications of 3D Print for Solid Oxide Fuel Cells

39 J. Cebollero, R. Lahoz, M. Laguna- Bercero, A. Larrea, Tailoring the electrode- electrolyte interface 
of solid oxide fuel cells (SOFC) by laser micro- patterning to improve their electrochemical perform-
ance, J. Power Sources 360 (2017) 336– 344.

40 A. Konno, H. Iwai, K. Inuyama, A. Konnoa, H. Iwai, K. Inuyama, A. Kuroyanagi, M. Saitoa, H. 
Yoshida, K. Kodani, K. Yoshikata, Mesoscale- structure control at anode/ electrolyte interface in solid 
oxide fuel cell, J. Power Sources 196 (2011) 98– 109.

41 A. Chesnaud, F. Delloro, M. Geagea, A. Abellard, J. Ouyang, D. Li, T. Shi, B. Chi, R. Ihringer, M. 
Cassir, A. Thorel, Corrugated electrode/ electrolyte interfaces in SOFC: Theoretical and experimental 
development, ECS Trans. 78 (2017) 1851– 1863.

42 K. Jia, L. Zheng, W. Liu, J. Zhang, F. Yu, X. Meng, C. Li, J. Sunarso, N. Yang, A new and simple way 
to prepare monolithic solid oxide fuel cell stack by stereolithography 3D printing technology using 8 
mol% yttria stabilized zirconia photocurable slurry, J. Eur. Ceram. Soc. 42 (2022) 4275– 4285.

43 V. A. Munts, Y. V. Volkova, M. I. Ershov, Development and testing of the 3D printed plastic ejector 
prototype for the SOFC anode gas recirculation (2018) International Multi- Conference on Industrial 
Engineering and Modern Technologies.

44 T. I. Tsai, S. Du, A. Dhir, A. Williams, R. Steinberger- Wilckens, Modelling a methane fed solid oxide 
fuel cell with anode recirculation system, ECS Trans. 57 (2013) 2831– 2839.

45 Northwest university uses 3D printing technology to manufacture fuel cells, Powder Technol. 39 
(2015) 435.

46 Cell3Ditor project on 3D printing tech for SOFC stacks, Fuel Cells Bull. 2016 (2016) 12.
47 N. Yang, X. Meng, J. Zhu, B. Meng, X. Tan, Method for three- dimensional printing honeycomb solid 

oxide fuel cell with three- dimensional channel, CN201510833332.2, 2015- 11- 25.
48 J. Zhang, F. Yu, N. Yang, L. Wei, X. Meng, B. Meng, S. Liu, A method for fabricating solid oxide fuel 

cell stack without connector anode support by 3D printing, CN201810364487.X., 2018- 04- 23.
49 R. T. Nishid, S. B. Beale, J. G. Pharoah, Comprehensive computational fluid dynamics model of solid 

oxide fuel cell stacks, Int. J. Hydrogen Energ. 41 (2016) 20592– 20605.

 

 

 

 

 

 

 

 

 

 

 

 



 

https://taylorandfrancis.com


127DOI: 10.1201/9781003296676-9

9 3D- Printed Integrated Energy 
Storage
Additive Manufacturing of    
Carbon- based Nanomaterials  
for Batteries

Joshua B. Tyler1,2,3, Gabriel L. Smith2, Arthur V. Cresce2,   
and Nathan Lazarus2*

1Oak Ridge Associated Universities, 2800 Powder Mill Road, Adelphi,    
MD 20783, USA
2US Army Research Laboratory, 2800 Powder Mill Road, Adelphi,    
MD 20783, USA
3Department of Material Science and Engineering, University of 
Maryland, College Park, MD 20742, USA
*Corresponding author: nathan.s.lazarus.civ@army.mil

CONTENTS

9.1 Introduction ..........................................................................................................................127
9.2 Battery Chemistry ................................................................................................................128

9.2.1 Battery Chemistry Introduction ................................................................................128
9.2.2 Carbon for Batteries .................................................................................................129

9.3 3D Printing of Carbon ..........................................................................................................131
9.3.1 FFF ...........................................................................................................................131
9.3.2 Direct Write ..............................................................................................................132
9.3.3 SLA ..........................................................................................................................135
9.3.4 DLP ..........................................................................................................................136
9.3.5 2PP ...........................................................................................................................136

9.4 Future Applications ..............................................................................................................138
9.5 Summary ..............................................................................................................................141
References ......................................................................................................................................141

9.1  INTRODUCTION

3D printing is a means to rapidly prototype and design complex devices difficult to manufacture 
using traditional processing. Design and manufacturing of batteries in three dimensions, particu-
larly the electrodes, has significant advantages over traditional 2D manufacturing due to higher 
areal loading density and shorter ion- diffusion distances. Electrode designs can also be tailored for 
specific applications and form factors.

Carbon materials are easily added to 3D- printing techniques by incorporating a variety of carbon 
allotropes into printable filaments and inks. The carbon composite printable materials have shown 
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success in extrusion- based 3D printing of battery electrodes. Though Fused Filament Fabrication 
(FFF) has shown the ability to print a full coin cell using multilateral printing for each compo-
nent of the cell, the poor performance of such a battery limits the applications of the technology. 
Direct Ink Writing (DIW) has emerged as the most widely used 3D printing technology for battery 
development, especially with the printing of carbon electrodes. Many examples of DIW carbon- 
composite electrodes have been demonstrated and the technology shows vast potential in developing 
next- generation batteries. The addition of carbon materials into lithography- based 3D- printing 
technologies has shown promise for increasing mechanical properties but is less widely used for 
electrical conductivity. However, through thermal degradation of the thermoset materials used in 
stereolithography (SLA), digital light processing (DLP), and two- photon polymerization (2PP), 
amorphous carbon materials similar to those used in conventional battery electrodes can be made. 
By using these 3D- printed and pyrolyzed resins multiple carbon electrochemical cells have been 
demonstrated to show great promise for the development of customized batteries with high energy 
and/ or power density.

This chapter will discuss the current state of 3D printing of carbon materials for use as battery 
electrode materials and will reflect on how this technology will be influential in the future develop-
ment of 3D- printed electronics. We will first introduce battery chemistry and what makes carbon 
materials beneficial as electrode materials. We will then examine the multitude of ways in which 
carbon electrodes for batteries can be 3D printed followed by a discussion of what future directions 
in 3D printing carbon- based batteries may look like.

9.2  BATTERY CHEMISTRY

9.2.1  Battery cheMistry introduction

To better understand how 3D printing can be beneficial in designing and manufacturing batteries, 
it is imperative to understand the current battery landscape as well as the chemical processes 
happening inside lithium- ion batteries. Lithium- ion batteries provide the highest energy density 
of any electrochemical cell- based device and therefore have become commoditized as an enab-
ling technology for nearly all of the mobile electronic and electrified transportation markets. As 
of 2022, individual cylindrical 18650 and 21700 lithium- ion battery cells can provide off- the- 
shelf energy densities of 250 watt- hours per kilogram (Wh/ kg), far eclipsing what is typically 
delivered by nickel- metal hydride (NiMH) at 110 Wh/ kg, alkaline Zn- MnO

2
 at 80 Wh/ kg, or 

lead- acid at 50 Wh/ kg. Figure 9.1a depicts a typical lithium- ion battery with a graphite anode 
and a LiCoO

2
 cathode. Lithium- ion battery packs, composed of many cells working together, 

typically deliver between 100 and 200 Wh/ kg, the greater energy density sufficient to push the 
range of electric vehicles to a plateau of about 400 miles (~640 km) per charge. Lithium- ion 
batteries suffer however from safety issues stemming from the combined possibility of rapid 
self- heating and the use of flammable organic electrolytes. Serious safety failures have been 
partially mitigated using advanced materials and engineering controls, such as non- flammable 
electrolytes [1], non- shrinking separator materials [2], battery health monitoring [3], and pack 
control systems.

Lithium- ion batteries derive their high energy density from two primary factors: the volume util-
ization of lithium storage in electrode materials, and the relatively high voltage existing between  
electrodes in each electrochemical stack. Graphite, as an anode material, has a capacity of about 380  
mAh/ g compared to 250 mAh/ g typically extracted from the Ni2+ / 3+  reaction at the Ni(OH)

2
 cathode  

of Ni- Cd or NiMH batteries. Lithiated (charged) graphite, composed of the intercalation compound  
LiC

6
, has an electrode potential of about - 3.0V vs. the standard hydrogen electrode potential, putting 

it very close to the plating potential of Li+  on Li metal. The structure of LiC
6
 is depicted in  

Figure 9.1b. The high electronegativity of LiC
6
 allows typical lithium- ion battery electrode pairings  
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to routinely exceed 3.0V as a single- cell potential. Energy in a battery can be expressed as the  
product of capacity in amp- hours and cell potential in volts:

 Energy capacity cell potential= ×  (9.1)

It is the combination of the extraordinary cell potential of lithium- ion batteries with high- capacity 
electrode materials that give lithium- ion batteries their energy density advantage. A further compo-
nent however is needed to ensure cell operation at potentials greater than 3.0V: the organic elec-
trolyte. Water- based electrolytes, such as those used in NiMH, typically undergo water electrolysis 
at cell potentials between 1.5V- 2.0V and are operated at no more than 1.5V to avoid cell gassing 
issues. The organic electrolyte of lithium- ion batteries based on ethylene carbonate possesses the 
ability to sustain high cell potentials through electrode passivation by direct redox decomposition of 
the electrolyte components [4]. This insoluble passivation layer termed the ‘solid electrolyte inter-
phase’, or SEI, (a) prevents further redox decomposition of the electrolyte, (b) allows transport of 
Li+  to the electrode active material, and (c) can be replenished by the electrolyte as defects occur in 
the passivation layer due to chemical or physical processes.

9.2.2  carBon for Batteries

Graphite is the only carbon allotrope that sees widespread use in the current lithium- ion battery 
manufacturing industry. The availability and variety of both natural and synthetic graphite have 

FIGURE 9.1 (a) Basic lithium- ion battery structure showing Li+  (unconnected spheres) intercalation into anode 
(graphite) and movement through electrolyte/ separator to intercalation in cathode (here, LiCoO

2
). Adapted with 

permission [5], Copyright (2013), American Chemical Society. (b) Storage of Li+  (unconnected spheres) in graphite 
(connected spheres) as LiC

6
, showing the accumulation of Li+  in the spaces between individual graphene sheets. 

Adapted with permission [6], Copyright (2022), American Chemical Society. (c) A depiction of the arrangement 
of graphene sheets and the accompanying capacity as a function of voltage in soft carbon (top), intermediate hard 
& soft carbon (center), and hard carbon (bottom). Adapted with permission [7], Copyright (2021), Elsevier.
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led to significant fine- tuning of the graphite particle structure to suit the needs of batteries that sus-
tain high charging rates or long- term cycling stability. Though graphite is dominant in the existing 
market, many other carbon allotropes exist that have potential applications in 3D- printed lithium- ion 
batteries. Broadly, they fall into two categories: amorphous carbons and carbon nanotubes (CNTs).

Amorphous carbons as a group include fully amorphous carbons as well as what are called 
‘disordered carbons’. Fully amorphous carbons, like carbon black and activated charcoal, contain 
a random network of carbons connected with varying ratios of sp2-  and sp3- type carbon- carbon 
bonding. Fully amorphous carbons exhibit some capacity for intercalation of Li+ , in some cases 
up to 200 mAh/ g, and have been shown in research- scale cells to have a stable charge- discharge 
behavior [8]. Amorphous carbons are better known for their ability to function as supercapacitor 
anodes, where their very high surface area is used for Li+  non- Faradic (surface layer) storage rather 
than intercalation.

In contrast to fully amorphous carbons, disordered or partially graphitic carbons have already 
seen used as anode materials and represent a fertile area for development in the arena of 3D- printed 
lithium- ion batteries. Disordered carbons include hard carbon or non- graphitizing carbon, and 
soft carbon. Hard carbons are characterized by graphitic domains separated by amorphous carbon 
regions and are known to be extremely difficult to convert fully into graphite using heat treatment 
[7] (thus the moniker ‘hard’). Hard carbons are often derived from heat treatment of biomass [9] 
and have been shown to have the capacity for both Li+  or Na+  above 300 mAh/ g [10]. The goal of 
hard carbons as anode materials is not to attempt graphitization, but to take advantage of the storage 
capacity inherent in the house- of- cards structure. Two areas of concern for hard carbon anodes are 
(a) low first- cycle Coulombic efficiency and (b) high slope of capacity as a function of electrode 
potential. First- cycle efficiency problems have been partially addressed through materials research 
[11], but the sloping capacity profile of hard carbons typically results in lower average cell potential 
of individual cells as well as increasing the potential range across which energy is delivered, com-
plicating the use of such a cell in electronic devices.

Soft carbons have a historical place as one of the first carbons utilized as an anode in a pro-
duction lithium- ion battery. Nobel laureate Akira Yoshino and his group used petroleum coke in 
the mid- 1980s to produce lithium- ion battery cells delivering about 80 Wh/ kg [12], so there is a 
solid precedent for the use of soft carbons in lithium- ion batteries. Soft carbons have graphitic 
domains embedded in a matrix of amorphous carbon, and soft carbons differ from hard carbons in 
that soft carbons have stronger graphite (002) diffraction peak and a generally more overlapping and 
interlocked graphitic structure interspersed with amorphous carbon. They are called ‘soft carbons’ 
because they are graphitizable at temperatures lower than 3000 °C in contrast to hard carbons. Soft 
carbons have a Li+  specific capacity of ~ 190 mAh/ g, and the capacity is delivered with a sloping 
profile as a function of electrode potential. While soft carbons have lower Li+  capacity than hard 
carbons, soft carbons have a much higher initial Coulombic efficiency than hard carbons, and they 
are typically synthesized from precursors at lower temperatures than hard carbons [13]. The lower 
processing temperatures of soft carbons are particularly suited to the process of 3D printing and 
pyrolyzing carbon- based structures that could be used as lithium- ion battery anodes. A graphical 
summary of the storage of Li+  in soft and hard carbons can be seen in Figure 9.1c.

CNTs have also been explored as anode materials for lithium- ion batteries, though no production 
cell uses CNTs as the ion- storage active material. CNTs are typically valued for their participa-
tion in composite binders for lithium- ion batteries that exploit the high tensile strength, electrical 
conductivity, and enhanced percolation ability of single and multiwall carbon nanotubes. Li+  has a 
high energy barrier of entry into the interior of a single CNT that is short and open- ended without 
significant mechanical or chemical modification to the walls of the nanotube, regardless of nano-
tube chirality. This issue makes single- walled carbon nanotubes (SWCNTs) an unlikely candidate 
for 3D- printed carbon anodes and explains why they are mostly ignored as a lithium- ion battery 
anode material [14]. Multiwalled carbon nanotubes (MWCNTs) intercalate Li+  in the gallery space 
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between successive nanotubes, giving them an effective capacity of about 350 mAh/ g, close to that 
of graphite [15]. Pyrolysis of polymeric precursors to form MWCNT anode materials has been 
reported to occur at temperatures of 800 °C or less, putting them in a processing range suitable for 
3D- printed precursors [16]. However, the real value of SWCNTs and MWCNTs appears to be as 
high tensile strength and conductive scaffolds upon which other kinds of high- capacity active anode 
materials can be grown, such as SnO

2
 and Si/ SiO

2
 [15]. In this way, CNTs are a promising carbon 

allotrope to consider for 3D- printed battery systems, both as active materials and scaffolding for the 
directed growth of other kinds of anode materials.

3D- printed lithium- ion batteries represent an opportunity to explore the fabrication of two kinds 
of batteries difficult to make by other means: batteries that are integrated into an electronic board 
to provide small- scale energy storage with custom dimensions and minimal packaging, and device- 
integrated batteries that are permanently embedded into the structure of the device. Such small form 
factors are not easily manufactured using current techniques. As the cell size decreases, packaging 
material generally becomes a greater proportion of both cell mass and volume, resulting in gross 
inefficiencies of gravimetric and volumetric energy density with decreasing size. To summarize, 
the variety of carbon allotropes from soft and hard carbons to CNTs that have been studied in the 
lithium- ion battery research community brings a host of possibilities, advantages, and disadvantages 
to 3D- printed batteries. Graphite structures, while difficult to create through pyrolysis, might be part 
of a printed anode using a curable binder. Other carbons, including amorphous carbons and CNTs, 
could be created through the pyrolysis or processing of 3D- printed precursor structures, combining 
battery materials with the ability to design specific geometries through 3D- printed structures. We 
will now examine the multitude of ways in which 3D printing has shown the ability to print carbon 
materials suitable for 3D- printed lithium- ion batteries.

9.3  3D PRINTING OF CARBON

9.3.1  fff

FFF is a 3D- printing technology based on building up layers of thermoplastic extruded from a 
heated nozzle to form a completed part. FFF, alternatively known as fused deposition modeling 
(FDM), is one of the oldest and most common AM approaches and can print a wide variety of 
thermoplastics and thermoplastic composites. The technique has the advantage of being low cost, 
widely available, and capable of printing usable electrodes with no or minimal post- processing [17], 
although typically at a lower resolution than alternatives like SLA. FFF is also capable of multi- 
material printing through the use of multiple extruder heads, enabling the ability to print a complete 
battery in a single print [18].

Adding nano- dimensional carbons to thermoplastic is a well- established approach for creating 
conductive filaments within FFF. High aspect ratio 1D/ 2D carbon fillers such as CNTs and graphene 
have been demonstrated to have both higher conductivity and larger surface areas due to a low per-
colation threshold [19]. The nanocarbon is first composited with a 3D- printable thermoplastic such 
as PLA to form a filament (Figure 9.2a); this filament is then extruded through a heated extrusion 
nozzle to form a conductive part that can be used for a battery electrode (Figure 9.2b) [17]. The 
conductive carbon filaments can also be used in combination with active lithium- based filaments 
to print a complete lithium- ion battery. In one notable example [20], several filaments based on 
different carbon fillers (graphene, MWCNT, and carbon black) were tested as anodes and cathodes 
of a coin cell in conjunction with polylactic acid (PLA) infused with Li salts to serve as an electro-
lyte (Figure 9.2c– d). Lithium manganese oxide and lithium titanate particles were also added to the 
cathode and anode materials, respectively, and a copper- loaded filament was used to print the current 
collectors due to its higher conductivity. The approach was used to print an integrated battery dir-
ectly into 3D- printed glasses and a wrist band, demonstrating an important advantage of FFF- based 
3D printing of batteries.

 

 

 

 

 

 

 

 

 



132 3D Printing: Fundamentals to Emerging Applications

A major limitation of FFF- based batteries has been that performance has remained relatively poor  
compared to more traditional manufacturing approaches. The battery manufactured by Reyes et al.,  
for instance, has a capacity roughly two orders of magnitude lower than a conventional lithium-  
ion battery, resulting largely from the lower concentration of conductive filler possible without  
degrading the printability of the filament. There has been recent work on addressing this problem  
through the addition of a plasticizer to bring the active material in the filament up to above 60%  
by weight, with substantially higher resulting capacity (up to 200 mAh/ g of graphite) [18]. While  
FFF- based nanomaterial battery printing remains less common than other 3D- printing approaches  
such as DIW, the improving performance along with low cost has generated increasing interest in  
recent years.

9.3.2  direct write

DIW has emerged as one of the most widely used AM techniques for developing batteries due 
to its affordability, ease of use, and vast material library. During DIW, the printed ink material is 
patterned by extruding it through a nozzle with compressed air and allowing it to solidify. The ver-
satility of layer- by- layer deposition of custom inks and slurries with high precision and resolution 
has been instrumental in the 3D printing of electrode materials. The freedom in material selection 

FIGURE 9.2 (a) Graphene/ PLA filament and (b) printing of disc electrode. (a,b) adapted with permission [17]. 
Copyright: The Authors, some rights reserved; exclusive licensee Springer Nature. Distributed under a Creative 
Commons Attribution License 4.0 (CC BY). (c,d) Coin cell printed using FFF. Adapted with permission [20], 
Copyright (2018), American Chemical Society.
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with DIW also makes it appealing for electroactive devices. DIW is a highly customizable process, 
albeit with certain limitations resulting from ink fabrication and nozzle size. Thus, precise rheology 
of fabricated inks as well as appropriate nozzle size is required to prevent structural deformations 
and defects.

The first reported account of a fully 3D- printed battery was performed using DIW by Sun 
et al. [21]. They demonstrated that by using DIW of Li- based inks it is possible to manufacture an 
interdigitated Li- ion battery (Figure 9.3a). Printing the anodes and cathodes directly onto the current 
collector allows for ease of integration for the device. They developed aqueous inks for the cathode 
and anode containing LiFePO

4
 (LFP) and Li

4
Ti

5
O

12
 (LTO). Following printing and processing, the 

packaged battery had a capacity of 1.2 mAh/ cm2. Their demonstration has led to further research 
into developing composite electrodes manufactured with DIW.

Carbon composite inks for DIW have been investigated for electrode materials due to their high 
electrical conductivity. Graphene oxide (GO) and reduced GO (rGO) based inks have come to the 
forefront of carbon 3D printing with DIW due to their printability and unique viscoelastic prop-
erties which allow high concentrations of GO to be incorporated in the ink. During printing GO 
flakes tend to align along the direction of extrusion due to the shear stress brought on by the nozzle 
further enhancing the electrical properties of the printed inks. This alignment assists in improving 
properties like conductivity, making GO- based inks a promising material candidate for DIW printed 
electrodes.

Successful printing of a DIW GO electrode has been demonstrated and shown to be useful in 
the manufacturing of 3D printed Li- ion batteries [22]. Fu et al. developed aqueous GO- based inks 
consisting of high concentrations of GO sheets and electroactive Li materials (LTO and LFP) that 
was easily processible, safe, and low- cost. Thermal treatment of the inks was done to reduce the 
GO of the printed electrodes. The electrical conductivities of the annealed electrode materials are 
reported as 3,160 and 610 S/ m for LFP/ GO and LTO/ GO respectively, improving by approximately 
seven orders of magnitude from the untreated material. These inks were used to fabricate one of 
the electrodes in an interdigitated battery (Figure 9.3b– c). Charge and discharge testing of the 
individual LFP/ GO and LTO/ GO electrodes demonstrate stable capacitance after cycling up to 20 
cycles, with specific capacities of ~160 mAh/ g and ~170 mAh/ g, respectively. Using the LFP/ GO 
and LTO/ GO as the cathode and anode and by printing a solid electrolyte (poly(vinylidene fluoride)- 
co- hexafluoropropylene (PVDF- co- HFP) and Al

2
O

3
 nanoparticles) into the channel between the 

electrodes demonstrates the ability to DIW a complete battery cell. This full cell was able to achieve 
charge and discharge capacities of 117 and 91 mAh/ g demonstrating the ability to fully 3D print a 
battery using GO composite inks using DIW. The demonstration of a fully 3D- printed battery using 
GO composite inks using DIW has influenced further developments of batteries using DIW.

The development of a GO composite ink with an already established high- capacity active anode 
material is an avenue in which higher capacity batteries can be developed through 3D printing. 
A GO composite ink was developed containing SnO

2
 quantum dots (QD) [23]. Figure 9.3d shows 

the ability to print complex structures with the composite ink including mosquito coils, spiral 
rectangles, zigzag lines, as well as high surface area periodic lattices which can be used as electrodes 
in batteries. The 3D- printed QD/ GO electrodes demonstrated an ultrahigh charge capacity of 991.6 
mAh g- 1 at 50 mA g- 1 during the first cycle and the reversible capacity was increased to 1004.9mAh 
g- 1 after 50 cycles, showing fantastic cycling stability and increased performance over pure SnO

2
 

QDs. This order of magnitude increase in specific reversible capacity of the electrodes over the pre-
vious work discussed by Hu et al. may enable the development of higher capacity faster response 
3D- printed full cell Li- ion batteries.

DIW has been examined as a means to prototype and manufacture advanced energy storage 
devices for next- generation batteries. Research efforts have been directed towards the development 
of Li- S batteries due to their high specific capacity (2600 Wh/ kg). The development of a sulfur 
graphene composite ink for DIW is useful in the 3D printing of electrodes for Li- S batteries [24]. 
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FIGURE 9.3 (a) SEM micrographs of the first 3D-printed battery made up of 16- layer interdigitated 
LTO- LFP electrode architectures. Adapted with permission [21], Copyright (2013), John Wiley and Sons. 
(b) Digital image of the printing process for GO- based electrodes for 3D-printed batteries. (c) SEM 
micrograph of electrodes cross- section showing GO alignment in the filament. Adapted with permission 
[22], Copyright (2016), John Wiley and Sons. (d) Optical image of complex patterns printed with SnO

2
 

QD/ GO ink. Adapted with permission [23], Copyright (2018), Royal Society of Chemistry. (e) Schematic 
illustration of 3D printing CNT- based ink. (f) SEM micrograph of complex MWCNT bridges deposited on 
a curved glass substrate, showing flexibility in the printing process. (g) SEM micrographs of hollow curved 
architectures printed with MWCNT ink (scale bar 20 µm). Adapted with permission [25], Copyright (2016), 
American Chemical Society.
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The printable ink uses S particles, 1,3- diisopropenylbenzene (DIB), and dispersed condensed GO. 
The formulation for the ink allowed for ease of print using DIW due to the high viscosity and 
shear thinning properties of the ink. 3D printing of well- designed periodic micro- latices with the 
ink should allow for ease of access of the electrolyte of a battery developed with this material to 
the active electrode. Electrodes developed with the S/ DIB/ GO composite show a high reversible 
capacity of 812.8 mAh/ g and stable cycling performance when integrated as the cathode of a Li- S 
battery.

CNTs are widely used in the manufacturing of electronics and energy storage devices, owing 
to CNTs’ high mechanical strength, chemical stability, large surface area, and excellent elec-
trical and thermal properties. 3D- printable MWCNT materials have been shown for high reso-
lution complex highly conductive materials using a DIW method (Figure 9.3e– g) [25]. By DIW of 
MWCNT, microelectrodes for a Li- S battery have also been developed [26]. The MWCNT elec-
trode demonstrated high conductivity and ultrahigh porosity, which as previously discussed benefit 
the electron and ion transport of the electrode. The printed micro- battery demonstrated high areal 
capacities of more than 5 mAh/ cm2 with high cycling stability. This result shows potential for the 
development of on- chip energy storage using 3D printing.

DIW has developed as one of the most commonly used techniques in the fabrication of 3D- 
printed batteries. The optimization of the inks used in DIW with carbon materials has allowed for 
the development of higher- performing electrodes for batteries. While there remain areas of active 
research to address limitations such as the weak mechanical strength between the layers of DIW 
that have caused some concern, the development of complex 3D printed electrodes with DIW shows 
significant potential in the prototyping and manufacturing of next- generation batteries including on- 
chip energy storage for electronics.

9.3.3  sla

SLA is a layer- by- layer 3D printing process in which a photochemical resin is exposed to light 
causing the chemical monomers and oligomers to cross- link forming a solid polymer structure 
(Figure 9.4a). Since being introduced as the first commercially available 3D- printing technology 
in 1986 by Charles Hull [27], SLA has advanced to a point where cheap commercial printers are 
widely available with an immense catalog of printable materials. The use of photocurable resins as 
the printable material allows for the ease of incorporation of additives into the thermoset precursors 
allowing tunability of the material properties of as- printed parts. Carbonizing of SLA- printed parts 
through either additives or post- processing allows SLA 3D printing to be a useful tool in developing 
carbon electrode materials for batteries. These carbon materials can also be used as template 
materials for the deposition of more electrochemically active electrode materials such as Cu and Ni.

Carbon- based nanomaterials can be used as additives in thermoset 3D- printable resins to enhance 
the properties of the as- printed material. However, the reduction in printability caused by reduced 
transparency to UV light and the decreased ductility caused by the addition of carbon nanomaterials 
such as graphene have limited use of carbon nanomaterials as an additive in the SLA process. Carbon 
nanomaterial additives can block UV light, and therefore limit photopolymerization during the 3D 
printing process, and as a result, only small quantities of carbon additive are usually incorporated 
into SLA resins. Graphene as an additive has been studied, but it has been reported that to main-
tain the appearance and the mechanical strength of the parts, the concentration in the SLA polymer 
must be less than 5 wt% [28]. This result limits the ability to take full advantage of the proper-
ties that make graphene desirable as a battery electrode. More often, GO fillers are used in SLA 
composite printing due to the strong interfacial bonds generated between GO fillers and polymer 
matrices allowing for more reliable prints than pure graphene additive. Many of the current studies 
on GO reinforced photopolymers focus on the enhancement of mechanical and thermal properties 
[29], [30]. There has been a continued interest in GO as a material candidate for battery and energy 
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storage applications due to the unique surface properties, large surface area, and layered structure 
[31] and there is likely to be a related investigation of GO/ resin composites for battery electrode 
manufacturing.

CNTs have similarly been studied as an additive to increase the properties of photopolymerizable 
materials. Sandoval et al. were one of the first studies to demonstrate the ability to enhance the 
SLA printed material properties by dispersing MWCNTs into an SLA resin [32]. Incorporating an 
MWCNT concentration of 0.05% (w/ v) showed an increase in the ultimate tensile stress and fracture 
stress by an average of 17% and 37%, respectively. An increase of MWCNT concentration to 0.5% 
(w/ v) showed resiliency in parts at higher operating temperatures. These small quantities of CNT 
are insufficient for use in electrical components but may open future work toward use as a template 
for further processing towards an electrochemical cell.

Amorphous carbons developed from pyrolysis of polymeric precursors in an inert atmos-
phere have been widely used in electrochemical applications due to the wide potential stability 
window, chemical inertness, low cost, low background currents, and electrocatalytic activity for 
redox reactions [33], [34]. Pyrolysis of SLA printed parts has proven successful in the develop-
ment of complex 3D carbon electrodes [35]. Pyrolysis of the as- printed polymer structure results 
in an amorphous material that has shrunk by about 2.5 X (Figure 9.4b). This pyrolysis process 
requires specific design and fabrication constraints as large solid parts deform due to outgassing, 
leading to parts needing to be latticed. This latticing also increases the surface area of the 3D carbon 
electrode, which potentially provides a larger electrode/ electrolyte interface. Cyclic volumetry and 
electrochemical impedance spectroscopy experimentation performed on an electrochemical cell 
manufactured using pyrolysis of an SLA printed part showed excellent electrochemical stability, 
repeatability, and reversibility of the electrode. The designed electrode also exhibited similar kinetics 
of electron transfer behavior to glassy carbon electrodes, which is already known as a stable working 
electrode [36]. This process can conceivably be extended to the development of 3D- architected 
mesoscopic battery electrodes, whether for individual electrodes or complex interdigitated designs 
for dual carbon electrode batteries.

9.3.4  dlP

Another lithography- based 3D- printing technique that has shown promise in the development of 
batteries is DLP. The DLP 3D- printing process consists of a photocurable resin being patterned 
layer- by- layer by a projected UV light. Since DLP is based on the same photo- chemical process as 
SLA, except with a projected image rather than laser- induced, there has been similar interest in the 
development of carbon electrodes using DLP. Similar pyrolysis processing as was shown using SLA 
has been successfully used to develop 3D- archited periodic carbon structures with high surface area 
for use as an electrode (Figure 9.4c– d) [37]. These glassy carbon complex electrodes were able to 
withstand compressive stresses of 27 MPa and show an areal capacity of 4 mAh/ cm2 at 0.38 mA/ 
cm2 over 100 cycles and 3.2 mAh/ cm2 at 2.4 mA/ cm2 with a gradual decrease up to around 1 mAh/ 
cm2 over 500 cycles. Pyrolysis of DLP parts proves to be a means by which large- scale processing 
of periodic microscale high surface area carbon electrodes can be manufactured.

9.3.5  2PP

2PP is a method of AM that uses a non- linear optical process to photopolymerize a thermoset resin.  
A femtosecond pulsed laser is focused into a volume of a photosensitive resin at which point the light  
pulses initiate polymerization when two photons are absorbed in the resin, thus two- photon polymer-
ization. Because of the nonlinear nature of the process, a resolution beyond the diffraction limit  
can be obtained, resulting in submicron resolution. As such, 2PP is a promising technique to reliably  
print complex 3D micro- devices. The high spatial resolution as well as the true 3D fabrication of  
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parts allows for innovation in the fabrication of micro/ nanoscale 3D- printed devices. The ease with  
which 3D micro- devices can be manufactured using 2PP has allowed for extreme design freedom  
in a size scale that was previously limited to mostly 2– 2.5D processing. Printing microscale high  
surface area lattice devices using 2PP has attracted much interest in the fields of microfluidics,  
biological growth, chemical sensing, and energy storage. There has also been interesting in using  
additives in the 2PP resin to develop composite polymer/ metal matrices followed by burnout to leave  
a strictly metal structure for electrical device design [38]. Unfortunately, the rough surface finish  
and long processing time for metal 2PP devices limit their possible use for integration with electrical 
systems. Though these processes may be suitable for developing battery electrodes via 2PP,  
this chapter is focused on how 2PP of carbon materials can be used in the development of batteries.

One of the most common means by which to manufacture carbon devices using 2PP is through 
pyrolysis of the as- printed polymer, similarly to the pyrolysis of SLA and DLP discussed above. 
Multiple reports on the pyrolysis of 2PP photoresists such as the Nanoscribe IP resist series have 
shown shape retention in lattice structures upon pyrolysis as well as increased resolution [39]. These 
studies focus on the ability to create some of the strongest known devices, approaching a theoretical 
strength limit [40]. There have also been developments in the creation of carbon MEMS devices out 
of the 2PP photoresist pyrolyzed carbon material [41], [42], taking advantage of the electrical con-
ductivity of glassy carbon.

FIGURE 9.4 (a) SLA printing of polymer precursor electrode, (b) before and after pyrolysis of as- printed 
SLA polymer. Adapted with permission [35], Copyright (2020), Elsevier. (c– d) DLP printed periodic structures 
pre and post- pyrolysis (scale bar 1 mm). Adapted with permission [37], Copyright (2020), John Wiley and Sons.
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Characterization of the pyrolyzed glassy carbon 2PP material has shown that by varying the final 
pyrolysis temperature it is possible to tune the electrical and microstructural properties (Figure 9.5a– 
c) [43]. By pyrolyzing the as- printed 2PP Nanoscribe IP- Dip resin at 1400 oC a highly graphitized 
conductive material was achieved. This characterization study showed that predictable passive elec-
tronics could be developed by altering the final pyrolysis temperature, showing the ability to tailor 
the carbon material for desirable properties.

Carbon latticed structures made via pyrolysis of 2PP parts, similar to what has been manufactured 
in the development of DLP pyrolyzed carbon electrodes for batteries, have been widely studied in 
the search for ultralight- weight high- strength microstructures (Figure 9.5d) [40]. With the ability 
to manufacture fully 3D complex electrodes the development of completely isolated interdigitated 
electrodes with optimized surface geometries for increased battery performance is foreseeable. As 
2PP uses a rastered laser instead of a projected image as in DLP, 2PP may prove to be a more 
influential processing technique for the research and development of unconventional and complex 
designs that are available when designing electrodes layer by layer on the submicron level.

Using the incredible resolution of 2PP as well as the conductivity achieved through pyrolysis 
of the parts, carbon electrodes for neural sensing [42] have been successfully manufactured 
(Figure 9.5e– f). Free- standing carbon electrodes were fabricated by printing photopolymer resin 
using 2PP on the tips of metal wires followed by pyrolysis. This technique allows for large batch 
processing of normally difficult- to- manufacture electrodes. CV testing was done showing a peak- to- 
peak separation similar to other carbon electrodes demonstrating fast electron transfer rates. Though 
this study was done for manufacturing neurochemical sensing electrodes it shows the effectiveness 
of carbon electrodes manufactured by pyrolysis of 2PP resists.

The carbon 2PP material has shown improved conductivities at elevated temperatures caused 
by graphitization. The conductivity is reported to be ~ 104 S m- 1 at 1400 oC which is still orders of 
magnitude below that of bulk metals. This, as well as the brittle nature of carbon materials, creates 
an issue when trying to integrate these structures into electrical systems. An idea that has been 
studied to help increase the conductivity and mechanical properties of the 2PP pyrolyzed material is 
through electroplating of the conductive carbon [44]. Simple two- electrode electroplating using the 
carbon 2PP material as the cathode and Cu or Ni as the anode shows a greater than 50X decrease in 
the electrical resistance. Compressive loading of Ni- plated carbon lattice structures (Figure 9.5g– h) 
demonstrates a 4X increase in the maximum compressive load over purely pyrolyzed 2PP lattices. 
This first example of electroplating 2PP pyrolyzed carbon devices opens up avenues for manufac-
turing microscale Ni electrode batteries, taking the ease of manufacturing complex 3D electrodes 
with the fast response and high energy density of Ni electrode batteries. Another possibility in using 
electroplating of 2PP pyrolyzed devices for batteries is in the development of two material electrodes 
for batteries directly on a device making dedicated power supplies on- chip at the microscale.

9.4  FUTURE APPLICATIONS

Most of the demonstrated work in the field of printing carbon- based batteries relies on minor 
modifications to conventional AM like SLA, FFF, DLP, and DIW approaches, previously described 
above. To realize the true potential of these new materials and electrode form factors, other 
techniques of integration need to be investigated. Across industry, defense, and academia the field of 
AM is evolving to a concept of convergent manufacturing (CM) for greater complexity of features 
and materials. The US National Academies describes CM as a unified manufacturing system plat-
form that converges heterogeneous interfaces in design, materials, processes (additive, subtractive, 
and transformative), and diagnostics with physical and digital signatures as inputs producing func-
tional devices components and complete systems as an output at the point of use. We can imagine 
combining AM techniques, mentioned previously with subtractive approaches like conventional 

 

 

 

 



1393D-Printed Integrated Energy Storage

FIGURE 9.5 (a) Conductivity of 2PP pyrolyzed carbon material at differing final pyrolysis temperatures. 
TEM micrographs of 2PP pyrolyzed carbon material (b) at 900 oC and (c) at 1400 oC. Adapted with permission 
[43], Copyright (2020), John Wiley and Sons. (d) As- printed and pyrolyzed 2PP micro- lattice structure. 
Adapted with permission [40], Copyright (2016), Springer Nature. (e– f) Pyrolyzed 2PP carbon neural sensors. 
Adapted with permission [42], Copyright (2018), John Wiley and Sons. (g) Pyrolyzed 2PP carbon lattice and 
(h) the same lattice electroplated in Ni. Adapted with permission [44], Copyright (2022), IEEE.
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machining, laser ablation, ion milling, and photo etching; along with cleanroom/ MEMS techniques 
like electrodeposition, evaporation, sputtering, ALD, plasma ashing, chemical etching; and with 
thermal processes like laser forming, inert pyrolysis, annealing. Clever combinations of these 
approaches will allow battery electrode designers to improve the producibility and volumetric effi-
ciency of printed carbon electrode batteries.

Moreover, CM will allow for optimal battery shapes that conform to the application, leading to 
ideal placement, thermal control, predictable stress profiles, overall weight reduction, and integra-
tion of multifunctional materials with carbon electrodes. In 2021, Asp et al. reported on a structural 
battery composite with an energy density of 24 Wh/ kg and an elastic modulus of 25 GPa, and tensile 
strength exceeding 300 MPa (Figure 9.6a). The battery was made from multifunctional reinforcing 
carbon fibers acting as an electrode and current collector. A structural electrolyte is used for load 
transfer and ion transport and a glass fiber fabric separates the carbon fiber electrode from an alu-
minum foil- supported lithium– iron– phosphate positive electrode [45]. While this battery was not 
printed via AM or CM processes, the idea of printed carbon lattices as structural multifunctional 
geometries is a natural extension.

These optimal shape approaches could integrate micro carbon lattice electrodes that would also  
minimize the effect of localized impact on the battery shown by Portelea et al. [46] (Figure 9.6b).  
Expanded material sets via computational designed multifunctionality with vat polymerized  
hydrogel which with directed infusion can create metallic multi- material composites, and compos-
itional freedom to enable the integration of multicomponent alloys in high surface area geometries  
into 3D batteries. This approach has been demonstrated by Yee et al. [47] by printing lithium cobalt  
oxide from hydrogels which could be combined with a glassy carbon lattice anode in a CM process.  

FIGURE 9.6 (a) Structural battery where the multifunctional carbon fiber serves both electrochemical and 
mechanical functions. Adapted with permission [45]. Copyright: The Authors, some rights reserved; exclusive 
licensee John Wiley and Sons. Distributed under a Creative Commons Attribution License 4.0 (CC BY). 
(b) Results of an impact test on carbon lattices (scale bar 20 µm). (Adapted with permission [46], Copyright 
2021, Springer Nature.) (c) Automatic geometry generator creating optimal 3D microbattery architectures from 
over 200,000 configurations. Adapted with permission [49], Copyright (2020), Elsevier.
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Another CM approach to metalizing components by combining AM and vacuum evaporation or  
sputtering of metal allows for the single- step creation of independent electrodes through printed  
shadow masking features like overhangs, similar to Kim et al. [48].

Advanced computational modeling design of batteries with CM is likely critical for the optimal 
performance of printed carbon- based Li- Ion batteries. Another example of a CM concept proposed by 
Gu et al. is the Material- structure- performance integrated AM (MSPI- AM). They posit, that to meet 
unique performance demands, novel multi- material structures. The diversification of approaches 
is necessary for further enhancing MSPI- AM. Numerical simulations based on ‘Virtual manu-
facturing’ or ‘digital- twin’ integrated with real production can provide multiscale modeling and 
accurate prediction and optimization of the CM . Applied to batteries this could result in multifunc-
tional performance including unprecedented electrochemistry, mechanical, electrical, and thermal 
control. The advancement of computational algorithms and codes in other technical processes also 
translates to process control methods needed to achieve a complete understanding of physics in the 
optimal printed battery manufacture via CM (Figure 9.6c) [49].

While many of the individual requisite AM processes have greatly matured in the last decade, 
for CM to be truly realized in batteries, advancements in material enhancement, diversity, and 
interfacial performance must be better understood. Moreover, computer- aided design for topology 
optimized geometry and process feedback control will need to be advanced as well, combined with 
the development of the manufacturing hardware and software for a wide range of complementary 
technologies to collaborate with 3D printers to fabricate fully multifunctional batteries [50].

9.5  SUMMARY

We have examined the many ways in which carbon materials can be 3D printed for developing 
battery technology. Using FFF it was shown that a relatively low- performance full battery coin 
cell can be manufactured through multi- material printing followed by assembly. DIW has proven 
itself as the current frontrunner of 3D- printing technologies for batteries with many examples of 
successful high capacity, reliable batteries using DIW of carbon composite electrodes. Pyrolysis 
of lithography- based 3D- printed parts has shown the ability to make highly complex amorphous 
carbon electrodes from the macroscale down to the micro/ nanoscale. Though limited studies of 
using 3D-printed pyrolyzed parts for batteries are currently available, the increased resolution and 
implementation of higher conductivity amorphous carbons have great potential for high- capacity 
high strength complex battery electrodes. It is foreseeable that pyrolyzed 3D- printed SLA, DLP, 
or 2PP carbon parts are going to be more influential in the future development of advanced battery 
technology than DIW electrodes. Furthermore, by implementing CM techniques for higher cap-
acity, more optimized batteries can be designed in the future, with possible interdigitated multi- 
component batteries being developed for on- chip integrated microscale batteries. The ability to 3D 
print batteries is ever evolving and the development of complex carbon electrodes using 3D printing 
is helping to lead the way.
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10.1  INTRODUCTION

Today, industrialization progress requires not only significant energy resources but also the devel-
opment of energy storage technologies. Electrical energy storage (EES) systems are an important 
element in the development of sustainable energy technologies [1]– [6]. They are designed to store 
electrical energy from an external source in special storage devices for some time. Energy storage 
devices have a similar process mechanism but differ in many other aspects, such as the lifespan, 
number, and duration of charge/ discharge cycles, architecture, type of stored energy (electrochem-
ical or electrical), operating voltage, etc., and, therefore, they have different applications.

Based on specific elaboration technology and performance characteristics energy storage devices 
can be divided into batteries and supercapacitors. One of the main differences between a battery 
and a supercapacitor is that the battery has a much higher energy density. Consequently, the battery 
is appropriate for higher energy density applications, e.g. an application where the system must 
be able to work for long periods on a single charge. Fabrication of electrolytes and electrodes as 
well as their assembly play an important role in obtaining high- performance batteries. The existing 
fabrication technology has some significant limitations, which directly affect the battery perform-
ance. These limitations are connected with the form and architecture of electrodes and solid- state 
electrolytes [7].

Three- dimensional (3D) printing that allows us to create a physical object from a digital design 
plays a special role in the field of battery fabrication due to free- form construction and controllable 
structure [5], [8]– [14]. A layer- by- layer deposition technology is of great interest and its application 
is constantly growing year after year. Nowadays, 3D printing can be successfully used for battery 
printing (mainly for electrode printing) or individual battery tools. For example, 3D- printed resin 
templates were used for the fabrication of aligned microchannels in the graphene oxide/ Li electrode 
manufacturing process [15].
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Graphene- based materials attract special attention in the production of batteries due to their 
unique conductivity and mechanical flexibility [16]– [19]. There are two most common techniques 
of 3D printing for preparing graphene- based batteries: fused deposition modeling (FDM) and direct 
ink writing (DIW). The FDM technique is based on layer- by- layer depositing of the melted filament 
material over a platform. The filament is a polymer composite that consists of a polymer matrix 
(mainly poly(lactic acid) (PLA)) and various additives (graphene, Si, etc.) [20]– [22]. The filament 
can be prepared by the joint thermal extrusion of all components. Note that the extruded components 
can be mixed either before the extrusion process or directly in the extruder during the extrusion 
[20]– [22]. The advantages of FDM printing are its simplicity and speed of the process and also the 
fact that there are a lot of 3D printers adapted for such a technique (i.e., there no need to modify 
existing devices). However, difficulties in the preparation of a printable filament by extrusion, the 
impossibility to obtain a filament with a high mass fraction of filler, very low electrical conductivity 
of polymer matrix, heat treatment during extrusion and printing, the impurities presence, and the 
absence of a porous structure or rather low porosity of the prepared electrodes limit the FDM indus-
trial application in battery filed [20]– [23].

The DIW technique is another powerful technique of 3D printing [24]– [27]. This technique is similar 
to FDM; however, in this case, the 3D layer- by- layer structure is obtained through the deposition of 
colloid- based ink. The DIW technique allows us to adapt effectively and purposefully the multiscaled 
graphene structure –  from nano- level (nanometer graphene oxide (GO)) to macro- level (GO macro-
scopic monoliths) [28]. Highly concentrated GO water dispersions form suitable inks for 3D printing. 
They are viscous gels at rest with shear- thinning under extrusion [29]– [31]. The composition modi-
fication of GO suspensions by adding polymers and other additives (i.e., binders, viscosifiers, etc.) 
allows us to control and improve the ink viscoelasticity and physical properties of final electrodes [31], 
[32]. Moreover, the 3D- printed graphene- based elements could strengthen battery performance and 
facilitate their application in energy storage due to the high porosity. It should be noted that the DIW 
printing technique greatly simplifies and speeds up the process of obtaining such 3D graphene porous 
architecture [33]. Among the disadvantages of DIW printing, there are difficulties in the preparation 
of stable and printable ink, a lack of 3D printers adapted for such a technique (i.e., some modifications 
are required), and a required post- treatment procedure for printed materials. Generally, such a pro-
cedure includes freeze- drying (at - 40oC or - 50oC for ~24h) and thermal annealing (at 600– 800oC in 
Ar or Ar/ H

2
 mixed atmosphere for 1– 3h) or chemical reduction (in presence of hydrazine hydrate) to 

form microporous structure and to obtain reduced graphene oxide (rGO), respectively. However, other 
additional post- treatment steps are also possible to enhance the efficiency of printed electrodes (e.g., 
deposition of Na or Ni on electrode surfaces, etc.) [28], [34], [35].

In the present review, the trends of applying the 3D- printing technique for electrode elabor-
ation for battery application are discussed. The review mainly focuses on 3D- printing techniques 
that are most widely used for graphene- based electrode fabrication. The performances of fabricated 
electrodes are discussed in relationship with the used 3D- printing method, electrode composition, 
structure, and morphology.

10.2  FDM 3D- PRINTED ELECTRODES

The first example of FDM- printed electrodes is anode electrodes for a Li- ion battery based on   
3D- printed solid filaments [20]. Such filaments consist of graphite- PLA composites designed to be 
used in conventional FDM 3D printers (Table 10.1, electrode 1, and Figure 10.1).

3D technology was used for the elaboration of Li- ion anode type electrode based on PLA/ 
graphene filament (Table 10.1, electrode 2) [21]. The proposed filament was fabricated in several 
steps: (i) the dispersion of graphene in xylene with subsequent PLA solubilization and recrystalliza-
tion in methanol to obtain the PLA/ graphene powder; (ii) the extrusion of as- prepared powder to 
obtain the filament (1.75 mm diameter).
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It is found that the optimal graphene concentration is 15– 20 wt.%. At the same time, the filament  
with 20 wt.% of graphene showed the highest conductivity (resistivity of ~100 Ohm/ cm) and elec-
trochemical activity due to the best graphene dispersion in PLA. The graphene concentration above  
20 wt.% leads to brittle and fragile material, while the material obtained with graphene concentra-
tion below 10 wt.% does not offer sufficient percolation, as the resistivity value is higher than 100  
kOhm/ cm. Therefore, the PLA/ graphene filament with 20 wt.% of graphene was used for printing  
the test anode with the geometry of a CR2016 coin cell (i.e., 17.75 mm and 1 mm in diameter and  
thickness, respectively).

The Li as both counter and reference electrode, polypropylene film separator, and 1 M solutions 
of LiPF

6
 in ethylene carbonate (EC)/ dimethyl carbonate (DEC) (1/ 1) was used for battery tests. 

It is found that such a battery shows a low specific capacity. The initial battery capacity at the 
current density of 40 mA/ g is ∼20 mA·h/ g. The battery shows substantial capacity loss over 200 
scans. The low electrochemical behavior can be explained by the low porosity of the printed elec-
trode according to topography data. However, a pre- treatment of such electrodes by NaOH is found 
to significantly improve the material’s electrochemical behavior. Such treatment induces porosity 

FIGURE 10.1 Elaboration process of graphite- PLA composite and 3D- printed negative electrode disc. 
Adapted with permission [20]. Copyright (2022) American Chemical Society. The elaboration process 
includes several steps. The first one is the slurry preparation, the second is tape casting with film fabrication, 
the third one is the extrusion of the as- prepared film to transform it into filament and the fourth is electrode 
3D printing.
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increase and, consequently, leads to an increase in the specific capacity (∼500 mA·h/ g at a current 
density of 40 mA/ g) in a 200- fold [21].

Another strategy for the anode preparation is based on using wet- jet milling- exfoliated few- layers 
graphene (WJM- FLG) (Table 10.1, electrode 3) [22]. The PLA/ carbon black doped polypyrrole 
(PPy) blend with the inclusion of Si nanoparticles was prepared for such a goal. The general pro-
cedure of the filament fabrication and 3D- printing process is shown in Figure 10.2.

The filament with 45 wt.% of PLA (i.e., weight ratio of PLA/ PPy/ Si/ WJM- FLG is 45/ 20/ 29.5/  
5.5) is still printable and the electrode- specific capacity equals 334 mA·h/ g at the current density  
of 20 mA/ g due to high content of Si nanoparticles. In addition, the uniform distribution of Si  
nanoparticles inside the matrix ensures high stability of cyclic performance for all 3D- printed  
electrodes. The specific capacity measured at different values of the current density of 20, 30, 40,  
and 50 mA/ g reveals the decrease from 334 (at 20 mA/ g) to 308, 288, and 275 mA·h/ g at 30, 40, and  
50 mA/ g, respectively, for material with 45 wt.% of PLA. Nevertheless, such materials show 95% of  
their initial specific capacity at the current density of 20 mA/ g and 82.3% of their initial specific cap-
acity at a current density of 50 mA/ g. Moreover, the electrodes with 45 wt.% of PLA show capacity  
retention of 95% after 350 cycles confirming their high- performance stability (specific capacity is  
327 mA·h/ g) [22].

FIGURE 10.2 The procedure of the filament fabrication and 3D printing process [22]. This article is licensed 
under Creative Commons Attribution 3.0. The elaboration process of PLA/ PPy/ Si/ WJM- FLG 3D- printed 
electrode includes several steps. The first one is the mixing of components by using a planetary mixer, the 
second is the extrusion of the as- prepared mixture to prepare filament and the fourth is electrode 3D printing.
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TABLE 10.1
Batteries Composition and Performances

# Composition
Conductivity 
(S/ cm)

Cell Components Cell Performance

Ref.
Type of 
Battery

Electrodes (Anode @ 
Cathode) Electrolyte

Initial Discharge 
Capacity Cycling Performance

1 PLA/ graphite/ 
poly(ethylene glycol) 
dimethyl ether 
(Mn~500)/ carbon 
black Timcal Super- P

~0.56 Li- ion PLA/ graphite/ poly(ethylene 
glycol) dimethyl ether 
(Mn~500)/ carbon black 
Timcal Super- P @ Li

1M LiPF
6
 in 

EC/ DEC (1:1 
weight ratio)

85 mA·h/ g at 18.6 mA/ g ‒ [20]

2 PLA/ graphene - Li- ion PLA/ graphene @ Li 1M LiPF
6
 in 

EC/ DEC (1:1 
weight ratio)

~20 mA·h/ g at 40 mA/ 
g (before NaOH 
treatment)

~590 mA·h/ g at 40 
mA/ g (after NaOH 
treatment)

‒ [21]

3 PLA/ PPy/ Si/ WJM- FLG 5.19 Li- ion PLA/ PPy/ Si/ WJM- FLG @ Li 1M LiPF
6
 in 

EC/ DEC (1:1 
volume ratio)

327 mA·h/ g at 20 mA/ g Capacity retention: 96% 
at 20 mA/ g after 350 
cycles

[22]

Note: EC –  ethylene carbonate; DEC –  diethyl carbonate.
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10.3  DIW 3D- PRINTING TECHNIQUE

The DIW technique was applied to fabricate the porous ‘O
2
 breathable’ cathode for Na- O

2
 batteries 

(Table 10.2, electrode 4) [36]. The aqueous- based GO ink (with a GO concentration of ∼15.0 mg/ 
mL) without any binders was used for printing such an electrode. The standard treatment procedure, 
namely freeze- drying (for 24h) with subsequent thermal treating (at 800 °C in an H

2
/ Ar atmos-

phere for 2h), was applied to manufacture the rGO- based electrode. The fabricated electrode with 
mesh structure possesses an architecture that provides continuous conduction of Na+  ions, O

2
, and 

electrons due to interconnected macro-  and micropores. The micropores (with diameters between 
2 and <50 nm) formed by rGO sheets provide a dual function: electrolyte reservoir and for NaO

2
 

accommodation, while the macropores (with diameter >50 nm) provide access for O
2
 across the 

whole electrode.
Three electrode types with different Brunauer−Emmett−Teller (BET) surface area values, namely 

electrodes with no open pores (NOP) (BET= 342.8 m2/ g), with small open pores (SOP) (BET= 362.6 
m2/ g) and large open pores (LOP) (BET= 369.6 m2/ g), were printed by varying the space between the 
filaments. Swagelok- type cells were used to evaluate the electrochemical performance of electrodes. 
The tested cell was assembled by using a metallic Na anode with carbon paper as a protector. The 
material that was obtained by impregnation of glass fiber with a solution of 1 M NaSO

3
CF

3
 in 

diethylene glycol/ dimethyl ether was used as a separator and an electrolyte. It is found that the 
electrode porosity has a strong effect on the performance of such batteries, namely discharge cap-
acity. The highest discharge capacity value was found for SOP electrodes, while the lowest value 
was noted for NOP electrodes (Table 10.2, electrode 4). Moreover, the SOP electrode has an areal 
capacity value of 9.1 mA·h/ cm2 at 0.2 A/ g, whereas NOP and LOP electrodes showed areal capacity 
values equal to 5.3 and 5.8 mA·h/ cm2, respectively. In addition, the battery based on SOP showed 
high performance and a remarkable capacity value equal to 13484.6 mA·h/ g (9.1 mA·h/ cm2) at 0.2 
A/ g as well as stable productivity in cycling mode (final capacity of 500 mA·h/ g at 0.5 A/ g after~ 
120 cycles) [36].

Another type of GO- based porous cathode was printed by using highly concentrated (≈100 mg/ 
mL) aqueous- based ink which was fabricated based on a porous 2D nanomaterial, namely holey 
graphene oxide (hGO) (Table 10.2, electrode 5) [31]. The freeze- drying was applied to the material 
after printing to form a microporous structure of 3D- printed meshes. A feature of such 3D hGO- 
based material is the presence of different porosity: small (4– 25 nm), medium (~10 µm), and large 
(<500 µm). Such porosity provides interfacial reactions to ensure full utilization of the active sites 
which in turn is advantageous for the performance of energy systems, especially for energy storage 
devices. The printed hGO frame is a three- layered mesh structure (0.6 cm × 0.6 cm) obtained by 
layer- by- layer deposition of six zig zag constructions (0.8 mm spacing between lines). Traditionally 
3D hGO mesh was converted into reduced hGO (rhGO) by thermal treatment (in an inert atmos-
phere for 2h at 1000 °C). The rhGO mesh was used as Li- O

2
 cathode in CR2032 cells with a Li 

as a counter and reference electrode. The deep discharge areal capacity tested at 0.1 mA/ cm2 was   
13.3 mA·h/ cm2 (∼4.8 mA·h in total capacity or ∼3879 mA·h/ g).

The same coin cell with rhGO vacuum- filtrated film cathode (with identical areal dimensions) 
instead of 3D- printed rhGO- based mesh showed discharge areal capacity only around 0.21 mA·h/ 
cm2 (<0.03 mA·h in total capacity or ∼92 mA·h/ g). The difference in discharge areal capacity 
can be connected with reduced porosity of rhGO vacuum- filtrated film cathode as compared with 
rhGO 3D- printed meshes (owing to reduced interfacial reactions as well as to low availability of 
active sites). The porous architecture of the 3D- printed electrodes confirms its advantages in cycle 
mode performance tests under charge/ discharge at 1 mA·h/ cm2 and shows enhancing Li- O

2
 device 

productivity. Thus, the rhGO mesh supports ∼13 cycles at 0.1 mA/ cm2 until the voltage of 4.5 V 
is reached, while even one full cycle under the same testing conditions cannot be reached in the 
case of rhGO vacuum- filtrated film electrode [31]. In addition, the importance of 3D- printed elec-
trode porosity was demonstrated by testing electrodes from various GO- based substances, such 
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as GO- based on natural graphite and Vor- X, which are generally used to create holey graphene. 
Traditionally, after printing, GO- based structures were thermally treated before testing as Li- O

2
 

battery cathodes. The lowest value of capacity under full discharge conditions was found for rGO 
from natural graphite mesh –  3.1 mA·h/ cm2, ∼600 mA·h/ g, or 0.77 mA·h in total capacity. At the 
same time, rGO based on Vor- X graphene frame reveals a discharge value of 10.5 mA·h/ cm2 (2.63 
mA·h in total capacity or ∼2471 mA·h/ g). Note that the full areal capacity value of the 3D meshes 
is underestimated, as the inherent macroporosity is not extracted from the dimension of the elec-
trode before the test [31].

Micro- lattice aerogels were fabricated as Na- ion host material for the Na- ion batteries of the 
future with reduced local current density and dendritic formation (Table 10.2, electrodes 6 and 
7) [35]. Two types of electrodes were prepared, i.e., rGO/ carbon nanotube (CNT) (as the anode) 
(Table 10.2, electrode 6) and rGO/ Na

3
V

2
(PO

4
)

3
(NVP)/ C (as the cathode) (Table 10.2, electrode 7). 

Both electrodes were printed using GO aqueous- based ink. The ink for the anode was fabricated by 
mixing GO (200 mg) and CNT (500 mg) in 5 mL of deionized water, while the ink for the cathode 
was prepared by mixing GO (80 mg) and NVP/ C (160 mg) in 2 mL of deionized water. The printed 
GO frameworks (1×1 cm) were treated by freeze- drying (at - 40°C) with a subsequent thermally 
annealed step (at 600℃ under the Ar/ H

2
 (95/ 5%) mixed gas). The BET value of rGO/ CNT is found 

to be 416.6 m2/ g. Unfortunately, the BET of rGO/ NVP/ C has not been determined yet. Finally, 
electrochemical deposition of Na onto printed rGO/ CNT is performed to fabricate Na/ rGO/ CNT 
micro- lattice anode aerogel. The battery based on prepared electrodes and fiberglass used as a sep-
arator is tested. The charge/ discharge capacity value of the cathode is equal to 98.8/ 91.1 mA·h/ g, 
while the charge/ discharge capacity value of the full battery is around 101.3/ 93.1 mA·h/ g (at the 
seventh cycle) at a density of the current equal 100 mA/ g. A capacity value of 67.6 mA·h/ g was 
found in the long- term cycling performance test at 100 mA/ g after 100 cycles confirming battery 
durability [35].

The GO- based cathode for Li- CO
2
 battery with a high density of energy fabricated by 3D 

printing and thermal shock treatment is also proposed (Table 10.2, electrode 8) [34]. For this pur-
pose, an aqueous- based ink is made by mixing 200 mg of GO in 0.5 mL of deionized water. The 
standard treating procedure is applied for the post- printed GO framework with some modifications, 
namely after freeze- drying (at - 50 °C) and reduction at high temperature (in Ar atmosphere at 
300 °C for 1 h) the obtained rGO framework is dipped into NiCl

2
 solution for 54 ms at 1900 K 

(1626.85 °C). In this case, a GO framework with anchored Ni nanoparticles (rGO/ Ni) is obtained. 
The rGO/ Ni framework is electrochemically examined as a cathode in CR 2032- type battery with 
a glass fiber separator. The good distribution of the catalytic Ni nanoparticles, as well as the high 
thickness of the electrode, resulted in a high areal capacity value of 14.6 mA·h/ cm2 (at a discharge 
density of an electric current of 0.1 mA/ cm2) and the specific capacity value of 8991.0 mA·h/ g, 
and a low overpotential value of 1.05 V at 100 mA/ g. Furthermore, high and stable performance 
of up to 1000 mA/ g was found for the battery at the cycle mode test during 100 cycles. Note that 
such performance is higher than the performance of Ni cathode for the Li- CO

2
 energy storage 

system reported previously [34], as the maximum rate and overpotential are only 200 mA/ g and 
1.9 V, respectively.

The elaboration strategy of electrodes with improved performance for Na- ion battery using the 
GO/ NVP inks was proposed (Table 10.2, electrodes 9– 11) [37]. The mass ratio of NVP to GO is 
fixed at 9:1 (GO/ NVP

9
), 7:3 (GO/ NVP

7/ 3
), and 1:1 (GO/ NVP

1
), and the concentration values of solid 

material in ink are 200, 67, and 40 mg/ mL, respectively. The GO concentration in the used aqueous- 
based solution is 20 mg/ mL while the loading concentration of NVP is 180, 47, and 20 mg/ mL in 
H

2
O for GO/ NVP

9
, GO/ NVP

7/ 3
, and GO/ NVP

1
, respectively. The usual hierarchical porous rGO/ 

NVP framework is obtained by freeze- drying and thermal treatment of as- printed 3D structures. 
The corresponding 3D porous framework is labeled as rGO/ NVP

6.8
 (electrode 9), rGO/ NVP

4.2
 (elec-

trode 10), and rGO/ NVP
2.8

 (electrode 11) (according to thermogravimetric analysis) (Table 10.2). 
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rGO/ NVP
6.8

 electrode showed a higher conductivity value as compared with other rGO/ NVP 
compositions. The electrochemical performance is determined by galvanostatic discharge/ charge 
measurements of 3D- printed rGO/ NVP sodium storage frameworks used as cathode from 0.2 to 
20C (1C= 2.1 mA·h/ cm2) [37]. The capacity value of 1.26 mA·h/ cm2 is achieved at 0.2C for the rGO/ 
NVP

6.8
 electrode while the capacity value of ∼0.67 mA·h/ cm2 is found in the case of rGO/ NVP

4.2
 

and rGO/ NVP
2.8

 [37]. rGO/ NVP
6.8

 possesses still high capacity at 5C and 20C (0.89 mA·h/ cm2 and 
0.65 mA·h/ cm2, respectively) that is higher as compared with the C/ NVP composites [37]– [40]. 
Note that rGO/ NVP

6.8
 showed a high value of capacity retention up to 90.1% after 900 cycles at 1C 

[37]. Furthermore, the electrochemical capacity of the rGO/ NVP
6.8

 anode used for Na- ion storage is 
0.32 mA·h/ cm2 at 2C. Such performance is much higher than that obtained for the other rGO/ NVP 
frameworks (0.08– 0.23 mA·h/ cm2). Moreover, asymmetric full 2032 coin cell based on rGO/ NVP

6.8
 

framework used as the cathode and anode, and glass fiber film used as the separator reveals a great 
capacity value of 0.39 mA·h/ cm2 at 1C [37]. Note that the capacity value is higher than that of other 
graphite- NVP full cells [41].

Fu et al. proposed the strategy of the fabrication of the water- based GO ink to prepare 3D- 
printed electrodes (both anode and cathode) for Li- ion batteries (Table 10.2, electrodes 12 and 
13) [30]. Such a strategy is based on the mixing of GO sheets and different active substrates. Lithium 
ferrophosphate (LFP) or lithium- titanate (lithium titanium oxide (LTO)) were used in ink for the 
fabrication of cathode (electrode 13) and anode (electrode 12), respectively. The concentration value 
of GO in water was equal to 80 mg/ mL and the weight ratio of LFP or LTO to GO was 7:3. The solid 
material concentration was 285 mg/ mL. It is shown that such a concentration provides optimum 
viscoelastic properties as well as sufficient material viscosity and capacity binding of electrode 
materials, which enables 3D printing of porous electrodes. The electrodes were fabricated by depos-
ition 6, 12, and 18 layers one by one. The layer thickness was equal to ∼0.18 mm. Freeze- drying 
and thermal treatment (at 600 °C in mix atmosphere of argon and hydrogen for 2 h) were used after 
3D printing to obtain the final porous rGO electrodes [30].

The poly(vinylidene fluoride- co- hexafluoropropylene) (PVDF- co- HFP)/ Al
2
O

3
 nanocomposite 

film and composite polydimethylsiloxane membrane impregned by the solution of LiPF
6
 dissolved 

in a mixture of ethylene carbonate/ diethyl carbonate (1:1) serve as a separator and an electrolyte, 
respectively, for full cell fabrication. As- prepared rGO/ LFP cathode and rGO/ LTO anode showed 
stable performance in cycle mode test with values of specific capacity ∼160 mA·h/ g and ∼170 mA/ 
g, respectively. The full cell possesses an electrode mass loading ∼of 18 mg/ cm2 (normalized to the 
overall battery area). Such full cell showed the primary charge and discharge capacity of 117 and 91 
mA·h/ g with great stability at cycle mode tests (over 20 cycles) [30].

3D freeze printing accompanied by freeze casting and ink- jet printing is proposed and suc-
cessfully applied for the elaboration of the materials for sodium- ion battery anodes (Table 10.2, 
electrode 14) [42]. Note that such a method is very similar to DIW but freezing and printing are 
performed simultaneously. This approach allows using the process of nucleation and growth of ice 
microcrystals during printing as useful tools for controlling the electrode porosity on micro and 
macro levels. The ink was prepared by mixing GO and ammonium thiomolybdate (as the MoS

2
 pre-

cursor) in water. The rGO macroporous electrode with MoS
2
 nanoparticles was fabricated by using 

the post- treatment process, namely freeze- drying with subsequent reductive thermal treatment. The 
resulting anode –  rGO/ MoS

2
 aerogel is used for the 2032 coin cell (Table 10.2, electrode 14). The 

metallic Na disk was used as a counter electrode (cathode), while the glass fiber disk impregnated 
by 1 M solution of sodium perchlorate monohydrate in propylene carbonate was used as a separator 
and electrolyte, respectively. The interconnected network in such aerogels allows for enhancing the 
electron conductivity and system mechanical stability. In addition, the pores (∼3– 5 μm) promote 
fast ion transport. Such electrode aerogel showed a high initial specific capacity over 429 mA·h/ g at 
a C/ 3.3 rate in the potential range of 2.5– 0.10 V (vs Na+ / Na) during the first 10 cycles. It was found 
that the two parallel processes occurred in the system: (i) reversible connected with 2Na+  insertions 
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TABLE 10.2
Batteries Composition and Performances

# Composition
Conductivity 
(S/ cm)

Cell Components Cell Performance

Ref.
Type of 
Battery

Electrodes (Anode @ 
Cathode)

Mass 
Loading 
(mg/ cm2) Electrolyte

Initial Discharge 
Capacity Cycling Performance

4 rGO ‒ Na−O
2

Na @ rGO ‒ 1 M NaSO
3
CF

3
 in 

DEGDME
3425.8 mA·h/ g (NOP)
11935.3 mA·h/ g (SOP)
10900.0 mA·h/ g (LOP)
at 0.5 A/ g

‒ [36]

5 rhGO ‒ Li– O
2

Li @ rhGO 5.42 1 M LiTFSI in DMSO ‒ ‒ [31]
6 Na/ rGO/ CNT 8.0·10−2 Na- ion Na/ rGO/ CNT @ rGO/ 

NVP/ C
‒ 1 M NaPF

6
 in diglyme ‒ ‒ [35]

7 rGO/ NVP/ C ‒ 15
8 rGO/ Ni ‒ Li- CO

2
Li @ rGO/ Ni ‒ 1 M LiTFSI in 

TEGDME/ DMSO
‒ ‒ [34]

9 rGO/ NVP
6.8

6.3·10−3 Na- ion NVP
6.8

/ rGO @ NVP
6.8

/ 
rGO

‒ 1 M NaClO
4
 in EC/ 

PC (1/ 1 w/ w) with 5 
wt.% FEC

‒ Capacity retention: 90.1% at 1C 
after 900 cycles

[37]

10 rGO/ NVP
4.2

2.3·10−3 ‒ ‒ ‒ ‒
11 rGO/ NVP

2.8
1.2·10−3 ‒ ‒ ‒ ‒

12 rGO/ LFP 31.6 Li- ion rGO/ LTO @ rGO/ LFP 18 LiPF
6
 in EC/ DEC 

(1:1)/ polydim 
ethylsiloxane film

185 mA·h/ g at 10 mA/ g 
(rGO/ LTO, half cell)

91 mA·h/ g at 50 mA/ g 
(full cell)

‒ [30]
13 rGO/ LTO 6.1

14 rGO/ MoS
2

‒ Na- ion rGO/ MoS
2
 @ Na ‒ 1 M NaClO₄ in PC ~111 mA·h/ g at 100 

mA/ g
‒ [42]

15 GO/ V
8
C

7
– VO

2
/ Super 

P carbon
‒ Li– S GO/ V

8
C

7
– VO

2
/ Super P 

carbon @ Li
~0.8 0.5 M LiTFSI/ 0.5 M 

LiNO
3
 in DME/ DO 

(1:1 by volume)

‒ ‒ [43]

Li @ GO/ V
8
C

7
– VO

2
/ S/ 

Super P carbon
16 GO/ V

8
C

7
– VO

2
/ S/ 

Super P carbon
~1.5 

(sulfur)
Capacity retention: 89.5% at 

0.5C after 100 cycles

(continued)
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# Composition
Conductivity 
(S/ cm)

Cell Components Cell Performance

Ref.
Type of 
Battery

Electrodes (Anode @ 
Cathode)

Mass 
Loading 
(mg/ cm2) Electrolyte

Initial Discharge 
Capacity Cycling Performance

17 AgNW/ rGO/ LTO 1740 Li- ion AgNW/ rGO/ LTO @ Li ~30 1 M LiPF
6
 in EC/ DEC/ 

DMC (by volume 
1:1:1)

‒ ‒ [44]

18 rGO/ CNTs/ α- Fe
2
O

3
‒ Ni- Fe rGO/ CNTs@α- Fe

2
O

3
 @ 

rGO/ CNTs@Ni(OH)
2

130 6 M PVA/ KOH ‒ Capacity retention: ∼91.3% at 
300 mA/ cm2 after 900 cycles

[45]
19 rGO/ CNTs/ Ni(OH)

2
‒

20 GO/ SCP ‒ Li– S Li @ GO/ SCP ‒ 1 M LiTFSI in DME/ 
DO (1:1 by volume) 
with 1% LiNO

3

~490 mA·h/ g at 50 mA/ g Capacity retention: 43.4% after 
50 cycles

[46]

21 Na/ rGO Na Na/ rGO @ Na ‒ 1 M NaPF
6
 in diglyme ‒ ‒ [28]

22 rGO/ LFP/ PVDF ‒ Li- ion rGO/ LTO/ PVDF @ rGO/ 
LFP/ PVDF

‒ 1 M LiPF
6

‒ Capacity retention: 98% after 
500 cycles

[47]
23 rGO/ LTO/ PVDF

Note:  EC –  ethylene carbonate; DEC –  diethyl carbonate; DMC –  dimethyl carbonate; DME –  dimethoxyethane; DO –  1,3- dioxolane; PC –  propylene carbonate; FEC –  fluoroethylene 
carbonate; TEGDME –  tetraethylene glycol dimethyl ether; DMSO –  dimethyl sulfoxide; DEGDME –  diethylene glycol dimethyl ether.

TABLE 10.2 (Continued)
Batteries Composition and Performances
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and (ii) irreversible connected with the conversion of MoS
2
 to metallic form. Note that the Na+  inter-

calation process is faster and with good stability, whereas the conversion process is slower due to 
suppression [42].

Attempts to improve the characteristics of Li- S batteries have led to the creation of 3D- printed 
GO electrodes based on V

8
C

7
- VO

2
 (Table 10.2, electrodes 15 and 16). The V

8
C

7
- VO

2
 was acted as a 

Li stabilizer and a site for the confinement of polysulfide [43]. The inks for lithium anode (lithium 
stabilizer) and sulfur cathode (polysulfide immobilizer) were prepared by mixing of one part of V

8
C

7
- 

VO
2
 or V

8
C

7
- VO

2
/ S with one part of Super P carbon and eight parts of GO. The aqueous solution 

of 25 mg/ mL of GO was used for this goal. Before assembling the Li- S battery, a freeze- drying 
process was applied to the all electrodes. CR2032 coin cell was assembled from V

8
C

7
- VO

2
/ S- based 

cathode, Li anode, and polypropylene monolayer membrane separator (Celgard 2400). The cell for 
the V

8
C

7
- VO

2
- based anode was fabricated in the same manner. The solution of 0.5 M LiTFSI/ LiNO

3
 

in dimethoxyethane/ 1,3- dioxolane (1:1, v/ v) acts as electrolyte. The cathode sulfur loading was ∼1.5 
mg/ cm2 and the anode mass loading was ∼0.8 mg/ cm2. It is shown that the lipophilic V

8
C

7
- VO

2
 plays 

important role in preventing dendrite formation and stabilizing the lithium anode, whereas V
8
C

7
- VO

2
/ 

S is responsible for polysulfide catching and transforming. The cathode rate capacity (643.5 mA·h/ g 
at 6.0 C) and cycling stability (a capacity decay of 0.061% per cycle at 4.0 C after 900 cycles is noted) 
are quite correct. Moreover, the battery with a V

8
C

7
- VO

2
- based anode and V

8
C

7
- VO

2
/ S- based cathode 

at a sulfur loading of 9.2 mg/ cm2 shows a high areal capacity equal to 7.36 mA·h/ m2 [43].
Electrode 17 was fabricated to improve battery performance, namely ion transport and decreased 

internal stress at the charge and discharge (Table 10.2, electrode 17) [44]. A such electrode was printed 
by using 3D- printable mixed functional aqueous- based ink consisting of Ag nanowires (AgNWs) 
((AgNWs)/ GO/ LTO/ H

2
O with a mass ratio of 8:1:21:50, respectively). Also, pure GO/ LTO/ H

2
O (3/ 7/ 

65) ink was prepared for comparison. All inks were fabricated by standard mixing procedure. It was 
shown that the optimal ink viscosity and ideal shear- thinning for printing were achieved at a GO con-
centration of 46 mg/ mL and ∼20 mg/ mL for GO/ LTO and AgNWs/ GO/ LTO inks, respectively. The 
freeze- drying with subsequently treating by hydrazine monohydrate vapor (at 80 °C for 12 h) to obtain 
rGO was applied for all electrodes. As- prepared inks were labeled as AgNWs/ rGO/ LTO and rGO/ LTO. 
The ratio between the total surface of an electrode and its volume (specific surface area) of AgNWs/ 
rGO/ LTO and rGO/ LTO was 336.6 m2/ g and 101 m2/ g. The pore volume values of the mentioned 
electrodes were 0.14 cm3/ g and 0.04 cm3/ g. The electrode thickness was in the range of 150 to 1500 
μm. As it is expected, the AgNWs/ rGO/ LTO electrode conductivity value is higher as compared with 
the conductivity of rGO/ LTO electrode (∼1.4 S/ cm) due to the AgNWs presence (Table 10.2, electrode 
17). The electrochemical performance of both electrodes was investigated by using a Li- based counter 
electrode and membrane separator (Celgard 2300) with 1 M electrolyte solution of LiPF

6
 in ethylene 

carbonate/ diethyl carbonate/ dimethyl carbonate with a volume ratio of 1:1:1. The specific capacity 
value of the rGO/ LTO electrode (192.2 mA·h/ g) is a little higher as compared with the AgNWs/ rGO/ 
LTO electrode (177.5 mA·h/ g) at 0.5 C due to a higher GO concentration. However, the specific cap-
acity value of rGO/ LTO is significantly lower at 10 C (i.e., 19.4 mA·h/ g for rGO/ LTO and 121 mA·h/ g 
for AgNWs/ rGO/ LTO). The rGO/ LTO electrode exhibits a significantly lower efficiency than gNWs/ 
rGO/ LTO- based electrode. Besides, the productivity of the AgNWs/ rGO/ LTO electrode as a function 
of the thickness decreases at 5 C with the thickness increasing from 300 to 900 μm. The AgNWs/ rGO/ 
LTO electrode with 900 μm thickness still delivers a specific capacity of 132.8 mA·h/ g at 2 C, which 
is higher as compared with 3D- printed LTO/ carbon electrodes [44]. Moreover, the AgNWs/ rGO/ LTO 
electrodes show high areal capacity equal to 4.74 mA·h/ cm2 and maintain an areal capacity of 3.55 
mA·h/ cm2 (capacity retention of ∼95.5%) after 100 cycles at the current density of 0.76 mA/ cm2. Note 
that such cycling performance as well as areal capacity values are comparable or even higher than the 
values obtained for Si and metal oxide- based batteries [44].

The performance of Ni- Fe batteries was improved by the fabrication and application of the self- 
supporting rGO/ CNTs aerogel micro lattices [45]. An aqueous solution of GO (100 mL, 20 mg/ 
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mL) was mixed with a sample of CNTs (500, 1000, and 2000 mg) to prepare ink. Such ink was 
used to prepare different frameworks with subsequent immersion into liquid N

2
, freeze- drying (two 

days), and annealing (at 650 °C for 3 h under an inert atmosphere). Finally, rGO/ CNTs hybrid 
aerogel micro lattices were used for obtaining the rGO/ CNTs/ Ni(OH)

2
- based cathode (Table 10.2, 

electrode 19) and rGO/ CNTs/ α- Fe
2
O

3
 anode (Table 10.2, electrode 18) by a simple water bath or 

hydrothermal growth processing with future annealing, respectively. A quasi- solid- state battery was 
assembled from fabricated micro- lattices electrodes using 6M composite of poly(vinyl alcohol) 
(PVA)/ KOH as both electrolyte and separator. 3D- printed batteries with thicknesses from 2 mm 
to 8 mm were fabricated and their performance was evaluated at various current densities –  in the 
range of 10 -  300 mA/ cm2. The batteries keep a stable performance level during 1500 cycles even at 
mechanical stress. In addition, the battery with a thickness of 8 mm shows an impressive areal cap-
acity value equal to 13.2 mA·h/ cm2 with a specific capacity of 206.4 mA·h/ g. Moreover, this battery 
reveals a high value of volumetric energy density equal to 28.1 mWh/ cm3 at various power densities 
(10.6 mW/ cm3, 13.9 mW·h/ cm3) and an ultrahigh power density value equal to 318.8 mW/ cm3. Such 
performance is higher as compared with the already reported batteries [45]. Moreover, super- high 
energy density and superior long- term cycling durability (∼91.3% capacity retention after 10,000 
cycles) were found for Ni- Fe batteries with active material loading over 130 mg/ cm2. Interestingly, 
the capacity retention value of ∼85.6% after 15,000 cycles was found for the same battery with a 
3M solution of KOH used as an electrolyte [45].

3D- printed sulfur copolymer graphene cathode with well- designed periodic micro- lattices was 
elaborated for Li- S batteries (Table 10.2, electrode 20) [46]. In this case, the synthesis of copolymer 
occurs inside the electrode after printing during treatment. The ink for 3D- printing was prepared in 
a few steps: (i) mixing GO suspension (4 mg/ mL of GO in H

2
O) and sublimed sulfur (mass ratio 

of 4:1); (ii) formation of gel- like ink (50 mg/ mL of GO) by its concentration; (iii) combination of 
gel- like ink with 1,3- diisopropenylbenzene. After printing, the electrodes were subjected to several 
stages of processing: (i) freeze- dried (formation of porous structure) and (ii) formation of sulfur 
copolymer on the graphene surface (by the thermal treatment at 200 °C) (Table 10.2, electrode 20). 
The tests of the electrode at 50 mA/ g show that the combination of graphene and sulfur copolymer 
ensures a great reversible capacity of 812.8 mA·h/ g and cycle performance. However, the declared 
value is at the lower limit of the reversible capacity values range previously reported for sulfur 
copolymer Li- S batteries (800– 1000 mA·h/ g). Such difference can be explained by a thicker wall 
(600 µm) and material resistance [46]. Although the electrode shows low- capacity retention (43.4% 
after 50 cycles) it still supports a high level of reversible capacity (186 mA·h/ g) even after increasing 
the current density from 50 to 800 mA·h/ g [46].

3D- printable ink with binders is also successfully used for electrode elaboration by 3D printing. 
The rGO lattice for the advanced Na metal anode was fabricated by 3D printing (Table 10.2, elec-
trode 21) [28]. The ink with suitable viscoelasticity and rheological properties was prepared by 
adding 2 vol % of ethylenediamine (with a concentration of ∼1%) to 10 mg/ mL of GO aqueous sus-
pension. Printed material was treated in several steps: (i) hydrothermal treatment; (ii) dialysis; (iii) 
freeze- drying under vacuum; and (iv) thermal annealing. The rGO lattice with a BET value equal to 
52.8 m2/ g was obtained. The final stage of the anode preparation was the deposition of metallic Na (4 
mA·h/ cm2 at 1 mA/ cm2). The Na with a smooth and compact morphology is formed in empty voids 
of rGO lattice. These results can be linked with the fact that the high current density holes can serve 
for Na deposition. The reversible and stable Coulomb efficiency of the formation of Na plating/ 
stripping on rGO lattice surfaces was equal to 99.84% after 500 cycles (nearly 1000 h) at 1 mA/ cm2 
and measured using Na foil as the counter electrode. It validates the high reversibility of Na plating/ 
stripping behavior obtained for rGO lattice due to its multiscale hierarchical ordered structure. The 
cycling stability of the prepared anode was evaluated by using a symmetrical CR2032 coin cell at a 
cycling capacity of 1 mA·h/ cm2 and a current density of 1 or 2 mA/ cm2. The rGO lattice revealed a 
stable cycling behavior at a current density of 1 mA/ cm2 for a period of ∼600 h with a small voltage 
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hysteresis value of ∼40 mV. The material shows high stability of life (over 400 h) at 2 mA/ cm2 and 
a slight increase in voltage hysteresis. The above- mentioned lattice cycling lifetime is comparable 
with that of previously reported Na metal anodes [28]. Moreover, rGO lattice has a higher specific 
capacity than that of materials based on a hard carbon support. These results confirm that the printed 
rGO lattice can serve as an anode in Na batteries [28].

The formation of electrode 22 (Table 10.2) was performed similarly as in the case of electrodes 12 
and 13 (Table 10.2). N,N- methylpyrrolidone (NMP), and polyvinylidene fluoride (PVDF) were used 
as the solvent and the binder, respectively [47]. Thus, 3D printable inks consist of active materials 
(LTO or LFP), rGO, and PVDF in a weight ratio of 7:2:1 dispersed in NMP. The ink with the con-
centration of 3 mL/ g showed the most printable characteristics, namely a high viscosity state without 
back flowing. Consequently, such ink is used for the 3D- printing. The electrodes were washed with 
water followed by freeze- drying after printing. The electrodes were tested in half battery cells with 
1 M solution of LiPF

6
 as an electrolyte. The discharge capacity value was up to 168 mA·h/ g at 

0.5 C for the battery based on a three- layer LFP- based cathode with a 16.3 mg/ cm2 mass loading 
(calculated from the actual area) Even at the rate of 3 C the discharge capacity value was still high 
and equal to 125 mA·h/ g [47]. Moreover, the three- layer LFP- based cathode showed stable per-
formance with high- capacity retention equal to 99%. Thus, electrode 23 demonstrates a discharge 
capacity equal to 116 mA·h/ g after 500 charge/ discharge cycles at 3 C. The specific discharge cap-
acity of the three- layer LTO- based anode (Table 10.2, electrode 22) was equal to 180 mA·h/ g which 
is higher than the calculated theoretical value (175 mA·h/ g) [47]. Besides, the increasing test rates 
from 0.5 C to 3 C for the anode (Table 10.2, electrode 23) did not show strong capacity changes. 
The specific capacity of the three- layer anode was equal to 171, 166, 162, and 155 mA·h/ g at 1, 1.5, 
2, and 3 C, respectively. Moreover, such anode demonstrates long- term cycling stability after 500 
charge/ discharge cycles and capacity retention of 99.9%. A full- cell coin (CR2032 type) assembled 
based on two layers of LFP cathode and LTO anode showed a reversible capacity equal to 155, 140, 
119, 107, and 91 mA·h/ g registered at 0.5, 1, 1.5, 2 and 3 C, respectively. It is interesting that the 
cell showed high- performance stability and capacity retention of 98% after almost 500 cycles [47].

10.4  CONCLUSION AND FUTURE TRENDS

Graphene- based materials attract special attention for the production of EES devices, especially 
batteries, due to their unique conductivity and mechanical flexibility. 3D printing is a powerful 
technique that allows converting a digital design into a physical object. Thus, the combination of 
both graphene- based materials and 3D printing opens a huge perspective in the fabrication of next- 
generation batteries. Nowadays, FDM and DIW are the two most commonly used techniques of 3D 
printing for preparing graphene- based electrodes for batteries. Based on the reported results, one can 
predict that future development in the field of 3D- printed batteries will be focused on the design of 
new high- performance electrodes. Most probably, an advancement of DIW printed electrodes will 
continue. However, new trends and directions can also be foreseen. New 3D- printing technologies 
(e.g., selective laser sintering) can have a promising prospects. Also, the combination of 3D printing 
with artificial intelligence can significantly improve the performance of printed electrodes by 
improving their design and architecture. The reported recent achievements in 3D- printed graphene- 
based batteries demonstrate that further studies and developments in this field would be very bene-
ficial for industrial application.
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11.1  INTRODUCTION

At present, the energy and climate crises are affecting the entire world. The rate at which humans 
are depleting the world’s supply of fossil fuels, such as gas, oil, and coal, and creating greenhouse 
gas emissions is frightening. The availability of clean, sustainable energy is an important pressing 
scientific challenge in front of people in the twenty- first century as it is predicted that global energy 
consumption will rise. Due to this, researchers have concentrated on developing renewable energy 
sources, such as wind, solar, and hydroelectricity, to replace fossil fuels, which have caused sig-
nificant environmental concerns. Currently, due to energy demands and discourse on growing 
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environmental concerns, batteries are expected to play a significant role in the future usage of elec-
trical energy in technologies such as autonomous sensors, digital phones, laptops, healthcare port-
able devices, smart cards, electrical vehicles, etc. [1], [2]. In the meantime, conventional batteries 
are made- up by using anodes, cathodes, and separator membranes with fixed shapes and sizes and 
then packing these components into the pouch or cylindrical shapes after liquid- electrolyte injec-
tion. Particularly, with liquid electrolytes, cell construction raises major issues because they need 
precise packaging materials to prevent leakage issues as well as separator membranes to prevent 
electrical contact between electrodes [3]. Therefore, the batteries produced using standard battery 
materials and assembly techniques have constrained form factors and mechanical flexibility, making 
it extremely challenging to integrate them into intricately structured electronic devices. To overcome 
the above- mentioned challenges with design diversity and flexibility, new battery systems such as 
printed power sources have lately become a new battery solution. Simple, affordable, and scalable 
printing techniques are used to create printed batteries. Printed batteries with various advantages like 
thinner, lighter, mechanically flexible, small size, compact, customizable, integration, and assembly 
of large- area devices can be easily made using many low- cost printing techniques [4]. At present, 
due to its easy processing, reproducibility, and diversity, printing skill is extensively employed in 
the range of application domains (particularly printed electronics), where rationally prepared inks 
(containing pastes) are printed in pre- made forms. The development of battery shapes and sequence 
form, the synthesis of electrolytes, electrodes, and separator membranes by using appropriate 
printing methods and the tunable rheological properties of inks are currently being pursued as the 
directions for future research on printed batteries [3], [5].

Recently, a large amount of research focused on three- dimensional (3D) printing technology, 
which provided an excellent opportunity to produce electrodes for energy storage devices like 
supercapacitors and batteries. The term ‘3D printing’ denotes an additive manufacturing process 
that builds 3D structure layer by layer while being guided by computer- aided design (CAD) soft-
ware. In recent years, a variety of 3D- printing processes and innovative frameworks have emerged. 
3D- printing techniques are divided by the American Society for testing and materials (ASTM) into 
the following seven categories [6]– [9].

1. Material extrusion (e.g., direct ink writing (DIW) and fused deposition modeling (FDM))
2. Material jetting (e.g., inkjet printing)
3. Binder jetting (BJ)
4. Powder bed fusion (PBF) (e.g., selective laser sintering and selective laser melting)
5. Directed energy deposition (DED)
6. Vat photopolymerization (stereolithography (SLA))
7. Sheet lamination

Charles Hull invented 3D printing in 1986 and used an ultraviolet (UV) laser to cause resin materials 
to polymerize. The name of this 3D printing method is stereolithography (SLA). Other 3D- printing 
techniques have advanced quickly since the invention of SLA. The schematic representation of 
seven 3D- printing techniques is shown in Figure 11.1.

The Li- ion, Li- S, Li- O
2
, Zn- air, Na- ion, etc., and other types of batteries have different structures 

and compositions of electrode materials (negative or positive). The positive electrode (cathode) 
materials printed by 3D techniques for batteries such as Li- ion, metal- air, Na- ion, etc., has been 
described for even whole cells [6]. In this chapter, we have focused on the 3D- printable cathode and 
anode materials for Li- ion batteries. Mostly, the negative anode of Li- ion batteries consists of active 
material, a polymer binder, and a conductive additive, that can experience reversible lithiation and 
delithiation during the charging and discharging process. Lithium titanate (e.g., Li

4
Ti

5
O

12
, LTO), 

graphite, and graphene are the most utilized anode- active materials in 3D- printed Li- ion batteries 
[7], [10], [11]. Also, in this chapter, we have discussed the various 3D- printing methods in detail for 
printed 3D- electrode materials as well as applications of 3D- printing batteries.
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11.2  3D- PRINTED TECHNIQUES

11.2.1  Material extrusion (direct ink writing (diw))

The DIW technique is the most popular 3D- printing technique for making batteries, which has the 
advantages of being inexpensive, simple to use, versatile in terms of materials, and maskless. The 
nozzle diameter of this technique is based on the ejection of ink ingredients at room temperature and 
determines its clarity. In this method, a 3D layer- by- layer structure is created by depositing liquid- 
phase ink along a digitally determined route from a tiny nozzle at a regulated flow rate. With the help 
of a nozzle, the heated material is deposited layer by layer on the platform. The substrate and nozzle 
can be moved vertically up and down and horizontally after each new layer has been applied [12], 
[13]. The schematic illustration of DIW method is shown in Figure 11.2a.

In recent work, the Lewis group used the DIW technology to create printed Li- ion batteries 
having thick electrodes. The packaging and battery parts including the cathode, anode, and separ-
ator, were all printed using the DIW technique. SnO

2
 quantum dot inks were used by Zhang et al. to 

print 3D electrodes using DIW. The production of LIBs micro- batteries by direct writing of anode 
Li

4
Ti

5
O

12
 (LTO), cathode LFP, and ink was demonstrated by Wei et al. [10]. The yield stress and 

storage modulus for DIW’s gel- based viscoelastic inks must be sufficiently high. Furthermore, there 
is a desperate need for a solution to the weak mechanical strength between the layers. Therefore, 
significant effort must be made to enhance the DIW technique’s use in battery manufacture.

11.2.2  Material Jetting

Material jetting printing (MJP) is the common droplet- based deposition technique that uses nozzles  
to directly deposit ingredients onto platforms like paper, plastic, or other materials to produce high-  
resolution complex patterns and customizable thickness according to the number of droplets settled.  
The materials are released on the constructed platform through the horizontally moving nozzle.  

FIGURE 11.1 Schematic of the major 3D printing technologies.
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The material layer is cured by using ultraviolet (UV) light. Due to their viscosity and propensity  
to form drops, polymers and waxes are excellent materials for the MJP technique. The schematic  
illustration of the MJP method is shown in Figure 11.2b. The MJP technique has been used to make  
energy storage devices (batteries and supercapacitors). For example, Lawes et al. developed thin-  
film silicon anodes for Li- ion batteries using a desktop inkjet printer method [14]. In addition, Hu  
et al. developed the 3D inkjet printing of Li- ion [15]. MJP can print different designed patterns with  
excellent resolution, high material consumption, and good multi- material capability, which helps  
enhance battery performance. The slow printing speed and demanding ink formulation needs are the  
major drawbacks of the MJP.

FIGURE 11.2 Schematic representation of (a) direct ink writing and (b) material jetting 3D printing 
techniques.
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11.2.3  Binder Jetting

Binder jetting (BJ) technique is used for the fabrication of complex structures using a powder-  
based and a binder. Generally, liquid from glue acts as a binder between the layers of dust. In  
this technique, layers of binding and building material are alternately deposited by moving the  
print head horizontally along the x-  and y- axes of the machine. A leveling roller is used during  
production to evenly disperse a micron layer of powder across the bed. Following the creation  
of the bed powder, the printer head’s nozzle jets the binder onto the powder, enabling the joining  
of the powder to the subsequent layers. Generally speaking, there are two basic subgroups of the  
BJ: both ink- jet and aerosol printing. The schematic illustration of the binder jetting method is  
shown in Figure 11.3a.

FIGURE 11.3 Schematic illustration of (a) binder jetting and (b) powder bed fusion 3D printing techniques.
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11.2.4  Powder Bed fusion (PBf)

Some parts of the powder bed fusion (PBF) technique have similar to the BJ printing technique. 
BJ and PBF both have a powder bed and a power supply, but PBF uses light sources (lasers or 
electron beams) to melt and fuse the powder in particular places, enabling the construction of 
complicated structures. Along the x-  and y- axes, a mirror directs the light source towards the 
bed powder, while the build platform travels along the z- axis. The newly added powder is then 
dispersed over the previously created layer using a leveling roller. With the help of the light 
source, the fresh power layer melts and is simultaneously fused with the earlier layer to create a 
three- dimensional structure. Selective laser sintering (SLS), Direct metal laser sintering (DMLS), 
selective laser melting (SLM), electron beam melting (EBM), selective heat sintering (SHS), and 
are several subtypes of PBF. The schematic illustration of the powder bed fusion (or SLA) method 
is shown in Figure 11.3b.

11.2.5  directed energy dePosition (ded)

The DED technique is used for the deposition of high- performance materials, including ceramics, 
titanium- based alloys, composites, cobalt- based alloys, high- entropy alloys, nickel- based alloys, 
and functionally graded materials, aluminum alloys, and steels with these compositions. In this 
technique, heat sources (high energy density) like a laser, electron beam, or plasma/ electric arc) are 
used to make a small melt pool on the substrate by focusing on the substrate and at the same time 
melting the feedstock material that is supplied into the melt pool in the form of wire or powder. In 
addition, in this process, the build platform moves along the x- , y- , and z- axes while the print head 
is stationary. When adjacent paths of solidified material are created by the print head, they combine 
to form printed layers. This process can be commonly used for high- performance alloy formation. 
Laser net shape engineering and directed light fabrication are the two subcategories of DED. The 
schematic illustration of the directed energy deposition method is shown in Figure 11.4a.

11.2.6  Vat PhotoPolyMerization stereolithograPhy (sla)

SLA is a method of 3D printing that selectively solidifies photocurable resin using light to form 
items with various shapes. SLA uses liquid monomers to photopolymerize with UV assistance. To 
cure the liquid monomer in specific locations as determined by the tool paths, a UV laser is scanned 
over the monomer layer. One coating of resin is finished, and then another is applied over the dried 
layer. The procedure is known as re- coating. During the printing process, the build platform moves 
along the z- axis while the light source is directed towards the vat along the x-  and y- axes, permit-
ting the 3D layer- by- layer creation of functional components. The schematic illustration of the SLA 
method is shown in Figure 11.4b. Nowadays, photopolymers (introduced in the late 1960s) are used 
in many different industries and are mainly used in the microelectronics sector. Charles (Chuck) 
Hull developed the first additive manufacturing SLA process in the mid- 1980s. Hull created solid 
items out of liquid photopolymer resins by layer- by- layer scanning a laser over a photopolymer vat. 
In 2018, Cohen et al. reported the fabrication of perforated polymer substrates with high surface area 
by using the SLA technique [16].

11.2.7  sheet laMination

Laminated object manufacturing (LOM) and ultrasonic additive manufacturing (UAM) are two  
methods for sheet lamination. In the sheet lamination process, the light source is directed towards  
the sheet along with the x-  and y- axes with the help of a mirror. In addition, the build platform  
moves along the z- axis to receive the stack of sheets with the cut area. Metal plates or metal strips  
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are welded together using ultrasound during the manufacturing of ultrasonic additives. The welding  
procedure is frequently accompanied by further CNC machining that eliminates loose metals.  
LOM uses a similar method of building up layers, except they use glue and paper as their medium  
instead of welding. Cross- shadowing is used by the LOM process during printing to make extraction  
following extraction straightforward. Aluminum, titanium, stainless, copper, steel, and other metals  
are used by UAM. Internal geometries can be created by the cryogenic process. Because the metal  
does not melt, this technique can combine various elements and uses comparatively little energy.  
The schematic illustration of the sheet lamination method is shown in Figure 11.5.

FIGURE 11.4 Schematic illustration of (a) directed energy deposition and (b) vat photopolymerization 
stereolithography (SLA) 3D printing techniques.
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11.3  PRINTING BATTERIES

Today batteries (created by Alessandro Volta, 1800) are the primary electrochemical power source 
that revolutionized the idea of road mobility (electric and hybrid vehicles) as well as the con-
sumer electronics market. Batteries are typically divided into primary and secondary (recharge-
able, several uses); the distinction between the two is that the latter can be used several times 
while the former can be used only one time. In rechargeable batteries, during the charging process, 
ions move from the cathode to the anode via the electrolyte and the electrons flow through to the 
external circuit. Further, during the discharging process, ions move from anode to cathode and 
the electrons flow through the external load. In comparison to other battery types like Zn, NiCd, 
Ni- metal hydride (NiMH), etc., lithium- ion batteries (LIBs) have several benefits like lightweight, 
compact, high discharge capacity, high energy densities, and long cycle life [17], [18]. The most 
popular battery types in printed batteries are Li and Zn based, and only the electrodes are printed. 
The separator is typically not printed because it is made of a porous membrane that contains an 
electrolyte solution (salts dissolved into a polar solvent). By uptake (soaking) or injection, the 
electrolyte solution is delivered into the porous membrane. Cathodes, anodes, electrolytes, and 
separators are the components of batteries, whose design and manufacture are crucial to improving 
the electrochemical performance of batteries such as power and volume energy density, cycling 
life, and safety. It is challenging to find an ink that satisfies the functional requirements of every 
component in a 3D- printed battery. The majority of current battery research is concentrated on 
electrode and electrolyte materials. Batteries have a much higher degree of complexity because 
the electroactive materials they use are reactive and because anodes and cathodes have physic-
ally intricate structures. It is exceedingly challenging to create versions of these materials for 3D 
printing and even once produced, they must maintain their electrical connections, control chemical 
reactions among the parts, and permit the battery to be charged and discharged again [4], [19]. As 
a result, we will evaluate existing printable battery components in the next section from an archi-
tectural standpoint.

FIGURE 11.5 Schematic representation of sheet lamination 3D printing technique.
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11.4  ELECTRODE MATERIALS FOR 3D- PRINTED BATTERIES

Several cathode materials like lithium cobalt oxides (LiCoO
2
), lithium manganese oxides (LiMn

2
O

4
), 

lithium iron phosphate (LiFePO
4
), lithium transition- metal phosphates (LiMn

1- x
Fe

x
PO

4
), and 

LiNi
0.8

- Co
0.15

Al
0.05

O
2
 (NCA) have been successfully printed for lithium- ion batteries [15], [20]– [22]. 

Among them, the LiFePO
4
 is the most developed cathode, which has been printed using a var-

iety of methods, including DIW, FDM, and IJP. Na- ion batteries, a less expensive alternative to 
LIBs, have also their printed cathodes made, for example, NaMnO

2
 with a cylinder shape by FDM 

and Na
3
V

2
(PO

4
)

3
 with a mesh structure via DIW [23]. In addition, varieties of cathode materials 

are printed for other batteries system for example sulfur and carbon composite for Li- S batteries, 
reduced graphene oxide (RGO) with carbon nanotube for Zn- air batteries, RGO with a hierarch-
ical porous structure for Na- O

2
 batteries, etc. [24]. Some electrodes for 3D printing batteries are 

discussed with their properties in the next subsection.

11.4.1  carBon Materials- Based electrodes

Superior ink production capabilities, distinctive viscoelastic characteristics, and functional qualities 
appropriate for 3D printing have been demonstrated by graphene oxide (GO). Reduced graphene 
oxide, or RGO, is a promising material for battery electrodes because it has strong electrical 
conductivity and is easily converted from graphene oxide (GO) by a thermal annealing process. 
Most 3D-printed structures, including aerogel micro lattices, nanowires, periodic scaffolds, and 
complicated networks, have been produced using graphene oxide [25]. A printed highly conductive 
CNT microarchitecture was described by Kim et al. using a dispenser printing process [26]. Milroy 
and Manthiram created an MWCNT- based microelectrode for a Li- S battery [27]. High conductivity 
and extremely high porosity of the MWCNT electrodes are advantages for ionic transport and elec-
tronic as well as electrolyte transit within a battery.

11.4.2  cellulose nanofiBer- Based electrodes

Because there are many hydroxyl groups on the cellulose molecules, cellulose nanofibers (CNF) are 
highly soluble in water. Since CNF has a negative zeta potential of up to 60 mV, it can be used as a 
surfactant to improve the uniform distribution of additional materials in an aqueous solution [28]. 
The carbonized CNFs combined with Li metal and LFP after an oxidation treatment procedure can 
be used to print 3D interdigitated cathode and anode, respectively. All of the ink containing CNF had 
a high viscosity and stuck to the bottom of the vial when it was turned upside down. In 3D- printed 
lithium- ion batteries, Kohlmeyer et al. used CNF as a porous scaffold, charge collector, and con-
ductive additive [21].

11.4.3  li4ti5o12/ lifePo4 Based electrodes

During the charging and discharging process, the cathode (positive electrode) and anode (negative  
electrode) act in a somewhat similar sense, except for the direction of lithium- ion. LCO, LMO,  
LFP, and LMFP cathode materials are used in the manufacturing of 3D printing for Li- ion batteries.  
Among them, LFP is the most extensively studied for 3D printing lithium- ion batteries as it possesses  
high stability, less volumetric expansion, batter rate capability, and excellent processability proper-
ties. Several LTO/ LFP- based electrodes have been reported for 3D printing batteries using different   
3D- printing techniques. For example, Delannoy et al. studied the ink- jet printed LFP- based com-
posite porous electrodes formulated with carbon super p (C

SP
) and poly- acrylic- co- maleic acid  

(PAMA) for micro battery application [29]. This printed electrode has an active mass loading of  
0.35 mg/ cm2 and is made up of 85 weight percent LiFePO

4
, 10 weight percent CSP, and 5 wt.%  

PAMA after the water solvent has been evaporated. The electrochemical performance of printed  
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LFP electrodes has been tested by the Swagelok cell using lithium foil as a negative electrode elec-
trolyte (LP30 organic solvent or Li- TFSI in PYR13- TFSI ionic liquid). Delannoy found 80 mAh/ g  
to 70 mAh/ g capacity at corresponding cycling rates of 9 C and 90 C. Additionally, after 100 cycles,  
a low polarization of just 100 mV is obtained at 90 C with no loss capacity at 9 C. As result, printed  
LFP electrodes show good performance. In addition, Sun et al. demonstrated the 3D interdigitated  
micro battery architectures (3D- IMA) with a high areal energy density of 9.7 J/ cm2 at a power  
density of 2.7 mW/ cm2 using LTO/ LFP materials [20]. The comparison of several 3D-printed metal  
oxide- based batteries is summarized in Table 11.1. Overall, the metal and metal oxide 3D printing  
electrode with high surface area, high porosity and microporous structure ensure the enhancement  
of 3D- printed batteries’ performance.

11.4.4  anode Materials for 3d Printing Batteries

Various types of anode materials such as LTO, carbon (graphite and graphene), silicon (Si) SnO
2,
 

quantum dots, etc. have been printed successfully with higher specific capacities. Among them, 
LTO is the most common printed anode, which can be demonstrated by DIW and FDM techniques 
[22]. For instance, Foster reported a 3D- printable porous anode by adjusting the weight ratios of 
graphite/ PLA/ plasticizer when processing the filaments, and a printable graphite anode with a 
high graphite loading of 49.2 wt% was successfully constructed utilizing the FDM approach [38]. 
The analogous Na- ion anodes, made of graphene, TiO

2
, and MoS

2
- graphene composite, have also 

been manufactured, much like the printed cathodes of Na- ion batteries. Furthermore, current Joule 
research seems to concentrate on the 3D- printed structure for the next- generation Li metal anodes, 
which have a very low redox potential of 3.04 V compared to ordinary hydrogen electrodes and 
an incredibly high theoretical capacity of 3,860 mAh/ g [39]. For example, the current collectors 
for the Li metal anode have been built using 3D- printed porous frameworks made of carbon, 2D 
MXenes (Ti

3
C

2
T

x
), and copper metal. The Li metal anode is associated with some issues like uncon-

trollable Li dendrite formation and significant volume interface changes, so to solve the problems, 
3D- printed porous architecture is highly used [40], [41]. The literature survey shows that the direct 
ink writing (DIW) technique is mostly used for the fabrication of anodes.

TABLE 11.1
Comparison of Metal or Metal Oxide 3D-printed Electrodes for Li- Ion Batteries

Active Materials Main Additive
3D Techniques   
(mAh/ g) Specific Capacity Ref. No.

LCO Graphite, carbon black, PVDF– HFP 
Laser direct

Laser direct 
writing (LDW)

120 at 100 μA/ cm2 [30]

LTO Acetylene black, Poly, PVDF, NMP DIW 160 at 0.2 C [31]
LTO Acetylene black, CMC, 1,4 dioxane LTDW 155 at 0.2 C

115 at 2 C
[32]

LFP Carbon black, SCMC, carbon IJP 151.3 at 15 mA/ g [33]
LFP C65, NaCMC, T X- 100 IJP 140 at 1C [34]
LTO/ LFP HPC, HEC DIW 131/ 160 at 1 C [20]
LFP/ LTO/ LCO CNF, graphite, carbon black, PVDF- 

HFP, NMP
DIW 156/ 150/ 137 at 0.2 C 

106/ 89/ 80 at 5
[21]

LMO Carbon black, PVDF, NMP DIW 117 at 0.1 C [35]
LFP/ LTO CNT, CMC DIW 156.3 at 0.2 C 140 at 1 C [36]
SnO

2
Acetylene black, carboxymethyl 

cellulose
IJP 812.7 at 33 μA/ cm2 [37]
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11.5  ELECTROLYTES FOR 3D PRINTING BATTERIES

The electrolyte is a major component of lithium- ion batteries, which plays an important role in 
electrochemical performance, cycle life, and protection of the batteries. The development of better 
electrolytes with advantages like low activation energy, low electronic conductivity, and high ionic 
conductivity, has received more and more attention for 3D- printed batteries. Recently, the electro-
lyte of batteries might be directly printed to advancements in 3D- printing technology, which sim-
plifies the fabrication processes and lowers production costs. The properties like low mechanical 
flexibility and poor electrochemical stability, limit the inorganic electrolytes in the practical appli-
cation of 3D- printed batteries [42]. Kim and coworkers created an innovative, all- solid- state Li- ion 
battery using printed gel composite electrolytes (GCE) to address this problem [43].

In 2017, Blake et al. demonstrated a unique technique for 3D printing flexible, high- performance 
ceramic- polymer electrolytes (CPEs) [44]. In another method, without the use of any additional 
processing steps, Cheng et al. demonstrated a novel technique for fabricating hybrid solid- state 
electrolytes using elevated- temperature direct ink writing [45]. In which, Cheng to enhance the Li- 
ion diffusion and mechanical stability, poly(vinylidene fluoride- hexafluoropropylene) (PVDF- HFP) 
matrices were used, while Li- ionic was used as electrolyte. Also, other materials, such as garnet- 
type Li

7
La

3
Zr

2
O

12
 (LLZO), are utilized as electrolytes for solid- state lithium batteries. Traditional 

die- pressing and tape- casting techniques are restricted to random porosities and flat geometries, 
whereas 3D printing of solid electrolytes enables the creation of specifically shaped electrodes and 
electrolytes [46].

11.6  APPLICATION OF 3D PRINTING BATTERIES

Manufacturers must specify a specific size and shape for the battery when building devices like 
cell phones, which can prevent waste space and restrict shape design. It is theoretically possible to 
create entire devices using 3D- printing technology, including batteries, structures, and electronic 
components. 3D- printed batteries are widely used in several application fields (Healthcare and 
Cosmetics, the internet of things and people, RFID, air vehicles, automobiles, smart packaging 
wearable devices, and electronic equipment), due to their high power density, long- term durability, 
low price, and favorable safety [5], [35]. The schematic representation of 3D- printed batteries- based 
field applications is shown in Figure 11.6.

11.6.1  3d- Printed Batteries are ediBle, with Many Medical deVice aPPlications

The researchers of Carnegie Mellon University are targeting to resolve the issues associated with 
traditional batteries by demonstrating biodegradable batteries composed of natural materials. 
A prototype battery that they have created can deliver 5 mW of power for up to 18 hours. This 
energy is sufficient to detect the development of dangerous microorganisms inside the body or to 
gently distribute drugs over several hours. The developed battery is created by the use of Melanin 
pigment, which is found in skin, hair, and nails. By absorbing harmful free radicals and UV rays, the 
pigment shields the body from harm. Additionally, it can bind to metallic ions, making it the ideal 
material for batteries. The anodic/ cathodic terminal of the battery can make from Melanin, at the 
second terminal magnesium oxide is used and GI fluid serves as the electrolyte. The materials are 
contained in a 3D- printed capsule which is made using polylactic acid, or PLA.

11.6.2  in autoMoBiles

Recently, Sakuu Corporation developed an electric vehicle by using a solid- state battery 3D- printing  
system. To complete the task, the 3D- printing system comprises two forms of printing. It features  
two heads: one for jet deposition, which effectively squirts material out to precise specifications,  
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and one for powder bed system, which sinters material into a solid form. These first- generation  
batteries use lithium metal, a customized printed ceramic separator, and 30 sub- cells. The battery  
has been built to support even higher voltage cathodes in the future, which might produce up  
to 25% more energy than the current industry standard cathode materials. Given its benefits in  
safety and energy density, this makes the new battery ideal for consumer, aerospace, and mobility  
applications. Scooters and other electric vehicles are among the products that now use 3D- printed  
batteries.

11.6.3  in aerosPace Vehicles aPPlications

Nowadays, 3D- printed technology is the most promising system to minimize the weight and shape 
of vehicles. The 3D- printed batteries with lightweight, small size, high power density, long cycle 
life, and safety properties are used in aerospace, light drones, and other light electronic device 
applications. KULR Technologies, based in San Diego, California, creates cutting- edge carbon fiber 
heat management solutions for batteries and electrical systems. Most industries, including those 
producing electric vehicles, electronics, and aerospace, use KULR solutions. The KULR technology 
group created a PPR (passive propagation resistant) battery design for use in space applications in 
June 2020. Additionally, KULR recently broke the major news that NASA wants them to construct 
3D- printed batteries in space. The NASA Artemis project is a lunar exploration initiative that will 
deliver a man to the Moon’s surface in the coming years. Furthermore, longer missions would be 
possible if batteries could be printed in space using 3D technology.

11.6.4  in electronic equiPMent

3D- printed batteries could have a significant impact on both consumer electronics and electric 
vehicles. Recently, 3D- printed batteries can be developed in any desired shape and small size along 
with lightweight by using various 3D techniques (DIW, SLA, DED, sheet lamination, etc.), which 

FIGURE 11.6 Schematic representation of 3D printed batteries- based applications.
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can be used in laptops, smartphones and wearable devices, etc. Li- ion batteries have been formulated 
with 3D- printing technology and are easily available in various shapes and sizes, due to the increasing 
demand for powerful batteries for energy storage. For example, S. Praveen demonstrated the shape 
of glass frames, wrist bands, and hearing aids by using 3D-printed Li- ion batteries. [22] Various 3D- 
printed battery- based electronic devices are shown in Figure 11.6.

11.7  CHALLENGES AND PROSPECT

1. Nowadays, only a few active materials are printable, which are used as inks for 3D- printing 
batteries. Therefore, it is necessary to create new electrochemically active materials to achieve 
maximum electrochemical performance. Additionally, it is expected that the electrodes 
fabricated through 3D- printing techniques will show a larger specific surface area as compared 
to electrodes developed by traditional methods. The porous structures of the 3D- printed 
electrodes have enhanced the power and energy density.

2. Since, 3D-printed things are created layer by layer, the interfaces between layers often have 
weak bonds. Therefore, more study is required to enhance the mechanical characteristics 
of 3D- printed batteries, particularly in some applications like wearable and flexible 
electronics.

3. The performance of electrolyte and active electrode materials is significantly impacted by 
the amount of oxygen and moisture in the air. For 3D- printed Li- ion batteries to avoid being 
harmed by oxygen/ water molecules and other substances, effective encapsulation is neces-
sary. Therefore, it is also important to create new materials and methods for encapsulation or 
packaging in the future.

4. Currently, research focused on electrode and electrolytes materials that are used for com-
pletely 3D- printed batteries. The compatibility of inks with components to be printed success-
fully for 3D printing batteries is a major challenge. With the continuous growth of printing 
technology and materials, it is expected that 3D- printed batteries with mechanical stability, 
high energy, power density, long life, favorable safety, and low price will be demonstrated for 
large- scale applications.

11.8  CONCLUSION

A lot of attention has been directed to the 3D printing of improved batteries as a cutting- edge 
technology that has the potential to fundamentally alter the design and architecture of materials, 
modules, and devices. We studied recent developments in 3D- printed batteries in this chapter from 
the viewpoints of printable materials, printing techniques, and design considerations at both the 
module and full cell device levels. Further, we have discussed the different 3D- printing technolo-
gies in detail such as DIW, IJP, SLA, etc. which are used for the fabrication of 3D- printed batteries. 
Furthermore, several types of electrodes (metal or metal oxide) or electrolytes have been discussed 
with better performance for 3D printing batteries. We have found that 3D- printed batteries have 
many advantages such as complex architecture, lightweight design, ease of operation, control of 
the thickness and the shape of the electrodes, materials flexibility, structural stability, low cost, and 
environmental friendliness. For future generations, 3D- printed batteries will be used extensively in 
applications like wearables, medical equipment, micro- electronic devices, electric vehicles, aero-
space vehicles, and smart grids.
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12.1  INTRODUCTION

12.1.1  electrocheMical energy storage deVices

In the past couple of decades, both the energy industry and academic institutions around the 
world have become progressively interested in the development of energy storage and conver-
sion devices [1]. However, most of the academic research has only focused on the discovery of 
components such as electrode and electrolyte materials, with inadequate devotion to the design, 
development, and demonstration of devices. Scientific discoveries and material innovation are two 
significant entities whereas process engineering is highly essential in integrating these building 
blocks composed and frequently defining their role in real- time applications. High energy and 
power density along with environmentally benign procedures are the prerequisites for electro-
chemical energy storage devices (EESDs) usually identified with (i) electrochemical capacitors 
and (ii) rechargeable batteries which constitute potential energy storage solutions for various 
applications. An electrochemical capacitor typically consists of two electrodes, an electrolyte, 
current collectors, and separators [2]. As illustrated in Figure 12.1, three crucial processes such 
as electrode fabrication, electrolyte alteration, and device assembly could significantly influence 
the electrochemical performance, effective processing, durability, and mechanical stability of the 
energy storage devices.

Supercapacitors are widely employed in electronic circuits that need quick and regular charging 
due to their high power density, faster discharge rate, and extended cycle life [3]. Nevertheless, the 
relatively lower energy density (< 10 Wh kg–1)is the issue to be addressed. The fairly low power 
density and higher energy density (50 to 250 Wh kg–1) result in a substantially longer dischar-
ging duration. For example, Li- ion batteries with the highest energy density compared to all other 
systems (lead- acid, Ni- Cd, and Ni- MH) are being employed in portable, stationary, and automotive 
applications [4].

FIGURE 12.1 Schematic of Electrochemical Energy Storage Devices (EES devices) with well- designed architecture 
for better electrochemical performance, higher processing efficiencies, and improved mechanical properties.
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12.1.2  lithiuM- ion Batteries (liBs) and Beyond

Rechargeable lithium- ion batteries (LIBs) in cylindrical, prismatic, and pouch configurations with 
low- cobalt cathodes are the most common EESDs in daily life for personal devices and electric 
vehicles [5]. In general, LIBs operate with Li intercalation/ deintercalation back and forth into the 
anode and cathode reversibly at higher redox potentials. In the recent years, researchers have been 
focusing on lithium- air (Li- air) and lithium- sulfur (Li- S) batteries due to their superior energy 
density compared to LIBs. Li- S batteries work by cutting down the amount of sulfur at the cathode 
followed by the combination of the generated polysulfides with the opposite Li electrodes during the 
discharge process [6]. Given the scarcity of the resources for the LIBs on the planet, new recharge-
able battery solutions like sodium, aluminum, magnesium, and calcium- based batteries are also 
gaining prominence due to their abundance of related raw materials [5]. The working principles of 
the above- mentioned new energy storage systems are on par with those of lithium- based batteries, 
but in most cases, they behave differently towards their electrochemical activity [7].

Electrochemical capacitors popularly acclaimed as supercapacitors belong to EESDs and their 
importance is attributed to the higher power density than that of the secondary batteries. The electro-
chemical capacitors are mainly divided into two types, electrical double- layer capacitors (EDLCs) 
and pseudo capacitors that store energy by using fast charge storage mechanisms. When high power 
density is the aim of the delivery, the usage of electrolytic ion absorption on the surface of the elec-
trode along with the redox reactions is envisaged in electrochemical capacitors for supplementing 
or replacing the batteries [8].

12.1.3  conVentional and state- of- art 3d Printing

Additive manufacturing through the 3D printing process enables precise layer- by- layer construction 
of the structured functional materials, and the device architecture [9], [10]. However, for some uses 
of functional materials, including electrochemical energy storage, the printing techniques might be 
constrained by their exclusive but crucial device design and development [11,12]. Hence, to con-
sider the 3D printing strategies, one has to understand the device structures along with several other 
parameters that describe the performance.

Additive manufacturing (AM) is rapidly becoming an influential technique for engineering effi-
cient 3D structures for automotive, aerospace, and other consumer products [12]. It became so 
popular that it has grown up among hobbyists to engineering professionals due to its outstanding 
control in manipulating innovative architectures right from the computer- aided design (CAD) 
software. To go for highly efficient electrochemical energy storage applications, 3D printing has 
emerged with unique rewards related to the conservative manufacturing methods such as:

1. The desired architectures can be directly written down with controlled chemistry, designed 
shapes, and interconnected porosity;

2. Simple fabrication procedure and ensuring customized configurations during the prototyping 
of electrodes and other components;

3. Ability in realizing full device manufacturing;
4. On- chip EESDs can be obtained with optimized thicknesses ranging from hundreds of 

nanometers to millimeters, resulting in increased efficiency. Meanwhile, printing offers an 
expedient procedure for microfabricating asymmetric electrodes as well as encapsulation of 
the miniaturized EESDs, and

5. Promotion of direct integration of EESDs or co- fabrication towards external electronics, 
evading device assembly and packaging steps.

The exceptional device production mode, where fundamental device architectures and numerous  
performance factors play vital roles, is the usual benefit of 3D printing procedures for the creation  
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of EESDs, with optimized ink preparation and printing processes. Similarly, both the segments are  
likewise regarded as critical components for electrochemical energy storage [12]. Various printing  
technologies for developing EESDs are given in Figure 12.2. The prepared ink/ raw material is very  
important for various printing methods, particularly for the direct ink writing of functional materials.  
Each printed EESD component layer’s surface tension and viscosity are strongly influenced by the  
ink characteristics, particularly their rheological behaviors [13]. The adaptable viscoelastic proper-
ties under external stimuli like pressure, temperature, and electromagnetic field project colloidal  
gels, hydrogels, and liquid polymer composites as good candidates for unceasing filament writing or  
droplet jetting of multifaceted architectures. For creating the inks, polymeric, colloidal, or polyelec-
trolyte building blocks are often suspended or dissolved in a liquid or heated to provide satisfactory  
flow characteristics [14].

To formulate the printable inks, two significant conditions are addressed. To begin with, in extru-
sion/ vibration deposition, the viscoelastic properties must be controllable for them to stream through 
the printing nozzles [15]. Liquid inks having low viscosity are used as they can easily form droplets 
and deposit them on the substrate. In contrast, extremely viscous inks typically form a continuous 
rodlike filament. The 3D extrusion- based printing process benefits from highly shear thinning 
behavior. Second, inks must have enough mechanical stiffness and strength to assist the whole 

FIGURE 12.2 Representation of the various 3D printing strategies for energy storage applications.
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structure during the period of ink deposition followed by the rapid solidification processes. These 
measures necessitate suitable ink formulations and rheological properties to produce a steady dis-
persion, which encourages the fluid- to- gel transition, ensuring the synchronized holding of printed 
forms/ shapes and blending with formerly deposited films [16], [17].

Other 3D printing techniques like direct ink writing processes are crucial methods for creating 
useful materials. Although it is now easier to access the raw materials used for printing, the powder 
characteristics are still crucial for SLS/ SLM processing. The mechanical and electrochemical per-
formance of functional 3D- printed structures can be significantly influenced by particle sizes, forms, 
and chemical composition of the powder. Similarly, control of the printing parameters also has an 
impact on the characteristics of the final device.

When choosing appropriate 3D printing technologies, EESD designers should take into account 
both the materials preparation and printing conditions. Although design factors have been exten-
sively developed and optimized in some areas, understanding of electrochemical energy storage is 
still in its early stage, necessitating rigorous investigation to achieve desired EESDs [18].

12.2  MATERIALS AND SYNTHESIS STRATEGY –  MXENES TOWARDS 3D 
PRINTING

12.2.1  Materials –  definition of Mxenes

MXenes are created by exfoliating their corresponding MAX phases, which are three- dimensional  
and are specifically etched to remove the Group IIIA or IVA elements denoted by A in the MAX  
phase and corrosion- resistant d- block metals denoted by M in the MAX and C or N (X in MAX)  
[19]. Overall, different three- dimensional MAX phases are preferentially etched to gather the  
corresponding MXenes as illustrated in Figure 12.3a. Two important methods are used in synthe-
sizing MXenes as illustrated in Figure 12.3b. They are (i) formation of layered ternary metal  

FIGURE 12.3 (a) Schematic of crystal structures of M
2
AX, M

3
AX

2
, and M

4
AX

3
 phases, and (b) Synthesis 

of multilayer MXenes by HF etching or monolayer MXenes by LiF +  HCl etching. Green, light blue, 
brown, and red balls represent M (transition metal), A (usually Al or Si), X (C or N), and T (O, F, or OH) 
respectively.

 

 

 

  

 

 

 



182 3D Printing: Fundamentals to Emerging Applications

carbides and nitrides resulting from the selectively erodible elements, by HF or LiF/ HCl and (ii)  
appropriate etching/ exfoliation environments that exercised an imperative impact on products and  
phase conversion of MXenes. The widely explored MXene, Ti

3
C

2
 can also be exfoliated ultrasonic-

ally by intercalation with urea, dimethyl sulfoxide, potassium cations, and ammonia [20]. Mild  
sonication in water is employed to delaminate MXenes with controllable/ changeable morphology.  
Because of its ceramic nature, MXene has an apparent micro- sized firm layered morphology; two-  
dimensional MXene has an ultra- large layer spacing compared to the graphite layer (0.337 nm). The  
synthesis of lamellar 2D Ti

3
C

2
 establishes an invigorate direction for MXenes. Annealed MXenes  

in Ar, N
2
, and N

2
/ H

2
 atmospheres kept their original chemical structure which may be destroyed if  

unveil to a high- temperature oxidation atmosphere [21].
In summary, MXenes have seen gradual technological progress, from ultrasonic exfoliation to 

intercalation of nanoparticles between the MXene layers. Numerous spin- off techniques resulted 
in an abundance of functional groups and steric configuration, as well as the unique chemical- 
physical properties of MXene. Significantly, MXenes offer surface functional groups to adsorb the 
cations. These findings showed that all MXene surfaces are endowed with exceptional properties. 
This in turn confirms that the fully functionalized MXene surfaces exhibit more thermodynamical 
stability. In summary, MXene exfoliation and delamination procedures have been progressively 
established in one direction [22]. To provide some significant theoretical insights into the physical 
property data like structural stability and conductivity which are key factors for energy storage 
applications DFT studies were carried out [12,20,23]. MXenes display several electronic prop-
erties extending from metallicity and semiconductivity to topological insulative, which can be 
attributed to the compositional diversity, numerous possibilities for surface functionalization, and 
the option to go for flexible thickness controllability. It is interesting to note that most of the 
bare MXenes and their surface functionalized counterparts are metallic. Fascinatingly, the work 
functions (WFs), of metallic MXenes were calculated and they span across a wide range, that 
is, from 1.8 to 8 eV. Also, it is identified that the work functions of MXenes depend on their 
surface chemistry [22]. Let us consider an MXene and related to its bare surface, the presence 
of OH (O) decreases its WF. The F decoration demonstrates the tendency to count on the spe-
cific material. Further, it is noted that the WFs of a few O- terminated MXenes are on the higher 
side than that of Pt which shows the highest WF of all elemental metals [24]. The F- terminated 
MXenes come up with WFs that lie between OH-  and O- terminated counterparts. On surface 
functionalization, a change in the WF is obtained which can be ascribed to the change in surface 
dipole moment brought by functionalization [25].

12.2.2  synthesis strategy –  Mxenes towards 3d Printing

MXenes can be realized by both top- down and bottom- up methods of synthesis analogous to other 
2D materials; however, top- down methods, which have a higher production capacity and are less 
expensive, are of greater interest [26]. The stack of M

n+ 1
X

n
 layers in MXenes is interweaved by 

added layers with robust metallic connections which differ from other 2D materials like graphene 
in which the layers are stacked by weak van der Waals attractions. The parent crystal is known as 
the MAX phase when the extra layer is a monoatomic single layer (marked as “A”; an element from 
groups 13 and 14 of the periodic table) (e.g., Ti

3
AlC

2
). The ‘A’ layers need to be taken out of the 

MAX phase to prepare individual sheets of MXene [27].
The elimination of diatomic multilayers, that is, Al

3
C

3
 from Zr

3
Al

3
C

5
, is a step in the creation of 

MXenes from non- MAX phases. Because of the high chemical activity of the aforementioned layers 
in both situations, elimination with a particular etching agent is an easy approach. The quality of 
MXenes and the exotic properties from mechanical to chemical that the MXenes can provide pro-
foundly be subjected to their synthesis protocols. Researchers all over the world nowadays working 
on developing diverse etching protocols for achieving phase pure MXenes [28]. Also, the types of 
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the functional groups and their ratio together with the structural defect density are dictated by the 
etching techniques and their relevant surroundings. Because of their high selectivity, an aqueous 
solution of hydrofluoric (HF) acid has been widely used to remove the ‘A’ element. The environmen-
tally hazardous nature and the difficulties in the handling of HF acid instigated us to look for alternate 
techniques like combinations of fluoride salts and strong acids accomplished to form HF (in- situ, 
e.g., LiF +  HCl) [29], [30]. The mild etching strategies employing ammonium hydrogen difluoride, 
ammonium fluoride, and strong alkali solutions for the HF- free approach were established to be 
effective etchants. Significantly individual optimization is advocated as the various parameters like 
concentration, time, temperature, and other etching conditions vary to a greater extent for various 
MAX phases. Overall, the experimental protocols are favoured by increasing the atomic number of 
the transition metal and/ or ‘n’ (in M

n+ 1
X

n
) along with a longer duration of the etching process and 

the usage of sturdier etchants [31].

12.3  PROPERTIES OF MXENES TOWARDS 3D-PRINTED ELECTRODES

12.3.1  interfacial cheMistry and ProPerties

MXene as a 2D electrode candidate renders high surface- active sites, has higher conductivity, 
supports intercalation, and is receptive to a wide range of composites (Figure 12.4a). MXenes are 
typically synthesized by an etching process using HF or fluoride- based salt solution. This in turn 
leaves MXenes impulsively terminated with ample functional groups such as O, - OH, and - F [32]– 
[36]. The commonly used techniques to explore the surface chemical conformations and the chemical 
states of MXene are XPS and nuclear magnetic resonance (NMR). These are identified as effective 
tools for the qualitative and quantitative analysis of surface terminations on MXene. The electro-
chemical properties characterized by electronic/ ionic conductivity and hydrophily and energy storage 
efficiency are ascribed to the nature of surface functional groups. That is the surface groups of - F and 
- OH may hinder the ions’ transport causing a decline in their electrochemical capacity. Hence, fine- 
tuning the content and distribution of the surface functional groups are of remarkable implication for 
the performance optimization of MXenes electrodes. Wang and co- workers synthesized two kinds of 
Ti

3
C

2
T

x
 MXenes by etching Ti

3
AlC

2
 precursors using aqueous HF solution at low (6 M) and high (15 

M) concentrations. The low- concentration HF- etching endowed an unusually higher capacitance that 
may be ascribed to the abundance of O groups on the surface of MXene offer more pseudocapacitance 
active sites which were confirmed by in- situ Raman spectroscopy and X- ray photoelectron spectros-
copy (XPS). However, it is to be noted that the F groups cannot be removed by reducing the HF con-
centration [37]– [39]. To evade the undesirable effect of F groups, another protocol of fluoride- free 
synthesis of MXenes has been utilized for the effective synthesis of bare MXenes and MXenes with 
O, NH, S, Cl, Se, Br, and Te surface terminations. The results in MXenes demonstrate characteristic 
structural and electronic properties like tunable interatomic distances, extended in- plane lattice, and 
functional group- dependent superconductivity [37]– [40].

12.3.2  cheMical staBility and storage of Mxenes inks

MXene suspensions have been shown to disperse very well in a variety of solvents, particularly  
water. Previous research has revealed that oxygen dissolved in water takes up an important part  
in the chemical degradation of delaminated MXene dispersed in aqueous solutions as shown in  
Figure 12.4b– d. This degradation procedure is typically accelerated in colloidal suspensions of  
single or a few- layered MXenes determined by a higher surface- area- to- volume ratio that makes  
them extremely susceptible to oxidation [41]– [43]. As an outcome of the unimpeded development of  
transition metal oxides on MXenes, such as TiO

2
 on the surface of Ti

3
C

2
T

x
, the structural breakdown  

and shelf life of the articulated MXene inks would occur. Such structural deformation and phase  
transformation are exacerbated when MXene dispersions are exposed to light or high temperatures.  
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In general, oxidation starts along the edges of the MXene flakes and spreads to the entire basal  
plane. Hence, smaller flakes characterized by more active sites are more susceptible to oxidation.  
Oxidation arises invariably in all types of media, including air and liquid and solid media, with  
the liquid media oxidizing at the fastest rate and solid media oxidizing at the slowest. A general  
desolvation mechanism has been illustrated in Figure 12.4e. Thus, removing dissolved oxygen from  
water by saturating it with nitrogen or argon is an efficient way to inhibit oxidation. Nonetheless, in  
addition to dissolved oxygen, water itself is a mild oxidant of MXenes. In this regard, refrigeration  
was found to significantly slow down the degradation rate caused by H

2
O- induced oxidation. For  

example, MXene suspensions stored under Ar at low temperatures only degraded by percent after  
25 days, with the possible oxidation explained. As a result, it is now the standard procedure to store  
stable MXene inks in Ar- sealed vials, away from light and below the refrigeration temperature (4  
°C) [44]– [46].

FIGURE 12.4 (a) Properties of MXene enabling them as active materials for battery electrodes, (b) SEM 
image of MXene film displaying the 2D morphology and wrinkled surface [54], (c) Cross- section of SEM 
image of MXene film presenting the multiple layers, (d) Schematic of distinctive in- plane ion transport 
channels in MXene film, (e) Mechanism of MXene- based battery electrodes [55], (f) Schematic displaying 
the synergistic effect of MXene, (g) Periodic table representing the family of theoretically predicted and/ or 
experimentally synthesized. MXenes and MAX phases. Adapted with permission [54] [55], Copyright (2018, 
2019), Wiley, Cell Press.
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12.3.3  rheological ProPerties of Mxene inks

The rheological properties of MXene inks are defined by the physical behavior of MXenes under 
applied stresses and these properties have a significant impact on existing printing techniques, repro-
ducibility of the printing methods, and pattern quality. Shear- thinning liquids with viscoelastic and 
thixotropic properties are looked for in several printing/ coating processes such as screen printing, 
spray coating, and extrusion printing. When a force is applied to a liquid, it can flow through the 
printer nozzle and instantly recuperate its high viscosity after leaving the nozzle. This ensures the 
preservation of the desired patterns after the printing process. However, the rheological necessities 
for various printing/ coating methods differ significantly, for example, from viscous paste for extru-
sion 3D printing and screen printing to low- concentration dispersion for inkjet printing [47]. Shear 
experiments can be conducted for single- layer MXene flake suspension as well as for multi- layer 
MXene dispersions with various concentrations to investigate the rheological properties of MXenes. 
Both suspensions exhibited shear- thinning behaviors, with increased viscosity as concentrations 
increased. Another important parameter for determining dispersion in rheology is the elastic 
modulus to viscous modulus ratio (G′/ G″). Spray coating, for example, frequently necessitates 
superior processing rates with large viscous modules, whereas extrusion printing necessitates high 
elastic modules to maintain the shape of the designs. Single layer and multilayer MXenes exhibit 
distinct rheological behaviors, and the extensive variety of rheological behavior of dispersions with 
varying concentrations provides a variety of printing options for MXene inks. The rheological prop-
erties of single- layer MXene dispersion at a low concentration of less than 10 mg have also been 
carried out [48].

Fascinatingly, MXene flakes of high aspect ratio can be tuned effectively rheologically and Yang 
et al. illustrated that the viscosity parameters of single- layer MXene dispersions, that is up to 15 mg 
mL–1 were on a comparable magnitude as extremely concentrated (2.33 g mL–1 70 wt%) multilayer 
MXene dispersions [49]. They have also engaged the vacuum evaporation method to prepare MXene 
dispersion of a high concentration of 50 mg mL–1. When the yield stress (critical shear stress) is not 
reached, G′ is greater than G″, suggesting a normal elastic solid. G´ begins to be higher than G″ as 
shear stress rises above yield stress, which causes the transition of the ink from solid- like to liquid- 
like behavior [50]– [52]. Additionally, Fan et al. [53] generated nitrogen- doped Ti

3
C

2
 dispersion 

of varying concentrations up to 300 mg mL–1 and observed a reduction in shear stress to 170 Pa. 
A scheme of MXene with polymer composite has been illustrated in Figure 12.4f. MXene a recep-
tive structure towards hybridization shall improve the desired properties, Figure 12.4g illustrates the 
periodic table for the possible/ attempted feasible compounds as MXene elements.

12.4  3D PRINTING DESIGNS AND MODULES –  ELECTRODE PREPARATION 
TECHNOLOGY

12.4.1  3d Printing in energy storage

3D Printing designates appending one layer of material upon another for deliverables with intended 
3D geometries and necessary compositions [ASTM F42 and TC261]. Charles W. Hull was the 
first to coin the name stereolithography (the first reported type of 3D printing) and to file a patent 
(“US4575330A”) in 1984. The patent describes the system to generate a cross- sectional pattern 
upon stimulation to form a stepwise laminar build- up of desired three– dimensional objects [56]. 
The major advantages of 3D printing over traditional methods are (i) flexible and customized geo-
metrical, structural, and compositional design, (ii) getting rid of time- consuming tool engineering, 
(iii) accelerated transformation from design to manufacturing, (iv) controllable waste materials, 
and (v) feasibility of local production [23, 25, 31]. The 3D printing technique’s compelling advan-
tage over traditional cathode fabrication is high customizability in forming an ordered structure 
including patterning dots, thin- width lines, systematic lattices, cellular scaffolds, and functionally 
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graded structures. Notably, the customizable morphology of powdered material lends support to 
improving product properties like resolution, interlayer composition, physical- chemical properties, 
and manufacturing speed [57].

12.4.2  tyPes of 3d Printing technologies

12.4.2.1  Inkjet Printing (IJP)
Inkjet printing is a direct droplet- based material deposition technology that is non- contact. IJP 
deposits a dilute suspension or solution of polymer/ nanoparticle over the substrate, which is then 
solidified via photon irradiation, heat transfer, or chemical reaction. IJP is an excellent technique 
to produce complex patterns with a wider scope of printing material with high resolution. Electro- 
hydrodynamic (EHD) jetting involves the application of an electrical voltage between the jetting 
nozzle and the substrate. By overcoming capillary forces, EHD produces a high- resolution end 
product. Polymer jetting and binder jetting are the two types of jetting- based printing. The InkJet 
print head deposits photosensitive polymer over the substrate in the polymer jetting method, which 
is then cured with a UV light source [58]. Binder jetting is a dry- material- based technique, that 
selectively ejects small molecules over powder substrate gluing it to formulate a cross- section of 
the desired pattern. Binder jetting requires subsequent heat treatment to achieve a defect- free high 
close packing product.

12.4.2.2  Stereolithography (SLA)
Stereolithography (SLA) is a vat polymerization of a photocurable material that is printed on a sub-
strate. Curing printed polymers with visible, UV, and laser sources is required. SLA is classified 
into three types based on its curing method and dimensions: micro- SLA (SLA), Continuous Liquid 
Interface Processing (CLIP), and Digital Light Processing (DLP). CLIP technology shall be an 
intermediate step along with other 3D print production techniques. DLP has been realized with 
projection- based printing in which selective polymerization of large surfaces leads to the potential 
for industrial- scale production. Since wet input- based techniques are widely used in the fabrica-
tion of cathode materials. Extrusion- based printing technologies are used in dry input techniques. 
Powders, plaster, laminate, or filament are used in dry input techniques [59]– [64].

12.4.2.3  Extrusion and Direct Ink Writing (DIW)
In this technique, the material is extruded through a die/ nozzle to form layer- by- layer structures 
in 3D printing. Extrusion- based techniques will be expanded to include multi- material and multi- 
nozzle capabilities, giving an advantage in industrial- scale production. Direct Ink Writing (DIW) 
uses shear thinning to extrude paste- like ink. The ink under consideration should have a high stress 
and storage modulus to tolerate shape retention and distortion- free filament spanning. DIW and 
IJP are versatile techniques for creating energy storage devices. The primary advantage of DIW 
as a fabrication technique is its large mass loading that enhances areal capacitance and energy 
density [60].

12.4.2.4  Freeze Nano Printing (FNP)
Freeze nano printing (FNP) is a process of direct writing aqueous ink onto a freezing substrate. The 
ability of FNP to form complex- shaped structures such as hierarchical pore structures/ aerogels with 
flexibility in mass transportation balancing, ion diffusion, and diffusion length support higher cap-
acities and rate capability. Freezing conditions, ink/ slurry concentration, and additives all contribute 
to changes in pore size and distribution [61]. Increased material loading and a hierarchical porous 
structure in FNP improve the high specific energy and power. FNP holds the record of forming the 
least dense 3D-printed structure.
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12.5  3D-PRINTED MXENE AND MXENE COMPOSITE FOR BATTERIES

12.5.1  Mxene electrodes for Batteries

By reducing dependence on a fixed power source, rechargeable LIBs empowered the much- needed but 
the unforeseen rise of electric vehicles and portable electronics. The high energy density LIBs led to 
the miniaturization of electronics with a smaller footprint along with faster charging. MXene has unex-
pectedly emerged as a strong competitor, not only because it improves the performance of LIBs but 
also ensures the feasible development of batteries other than Li- ion. Naguib et al. [65] demonstrated 
MXene as an anode material of LIB for the first time in 2011 and found it to be promising because of 
its large specific surface area, low interlayer forces, open structure, and functional groups on the sur-
face (Figure 12.5a and b). Because MXene is made up of M (early transition metals), X (Carbon and/ 
or Nitrogen), and T (functional groups - O, - OH, and - F), there are a plethora of variations that could be 
employed to tune the characteristics. Ti

3
C

2
F

2
 and Ti

3
C

2
(OH)

2
 with their near- Fermi level band structure 

and the corresponding Li to C distance in the case of optimized lithiation demonstrate the impact of 
functional groups on the nature of lithium intake as illustrated in Figure 12.5c and d.

Chlorides, non- native functional groups of MXenes can offer outstanding performance by playing  
with increasing the interlayer distance and mitigating the negative effects of OH and F functional  

FIGURE 12.5 (a), (b) Voltage profiles of Li/ Li+  vs. Nb
2
CT

x
 and V

2
CT

x
 at various voltage ranges [66], 

(c) Illustrations of the effect of functional groups on lithium uptake behavior, (d) Near- Fermi level band 
structures of Ti

3
C

2
F

2
 and Ti

3
C

2
(OH)

2
, respectively, and the corresponding Li to C distance in the case of 

optimal lithiation [67], (e) CV curves, (f) GCD profiles of Li- S batteries with sulphur electrodes hosted in 
Ti

3
C

2
 nanoribbons (inset- the SEM image of Ti

3
C

2
 nanoribbon and sulphur hybrid [68], (g) Photograph and 

SEM image of lithium deposition on graphene and MXene demonstrating the benefit of homogeneous lithium 
distribution on MXene film. (h) Coulombic efficiency of MXene/ graphene- Li anode measured over 2700 h at a 
current density of 0.5 mA cm−2 [69]. Adapted with permission reference [66], [67], [68], [69] Copyright (2013, 
2012, 2018, 2019), American Chemical Society.
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groups. In fact, because of varying the degree of surface properties, even the capacity of LIBs can be  
indirectly impacted by stoichiometric ratios of “M” from the same species generated using various  
manufacturing techniques. Ti

2
CT

x
 with higher surface energy than Ti

3
C

2
T

x
 typically has a lower  

c- lattice parameter, preventing Li- ion intercalation. Moreover, Figure 12.5e and f depict the CV  
and GCD plots of Li- S batteries with sulfur electrodes hosted in Ti

3
C

2
 nanoribbons. Figure 12.5g  

represents the SEM images of lithium deposited on graphene and MXene whereas Figure 12.5h  
shows the anode made up of MXene/ graphene- Li with its coulombic efficiency (∼99%) for 2700  
hours at a current density of 0.5 mA cm–2.

12.5.2  3d-Printed Mxene electrodes for Batteries

To effectively address the limitations of the theoretical capacity of MXene and MXene- based 
composites, there is yet another way of implementing MXene- based composites as anodes for LIBs 
in the form of 3D printing. Also, the rheological characteristics MXene inks, which determine their 
adaptability and processability depend on their concentrations. Other factors like the dispersion 
of the particle size, the amount of functionalization, and the aspect ratio can affect the rheological 
characteristics and these factors should be taken into account when developing the inks [64].

In general, three unique regimes in the rheological behavior of the MXene inks can be observed 
by altering the concentration of the inks (low, medium, and high). For example, a sol- gel transition 
(viscous at low frequencies and gel at high frequencies) can be seen for an m- MXene dispersion 
with a medium particle size of 5 µm at medium concentrations (e.g. 30 wt. percent), whereas at low 
concentrations (e. g. 10 wt. percent), particles are randomly dispersed with little interaction with 
each other. A colloidal gel with significant yield strength is created by the percolated network of 
nanosheets in high concentrations (>40 weight percent). Each of these behavioral regimes can be 
employed to formulate inks for a variety of techniques in the liquid phase, ranging from spray and 
spin coating, as well as screen and extrusion printing (by simply adjusting the solid content). The 
suitable printing or coating procedure, and thus the appropriate ink, are chosen for the preparation 
of the battery based on its application. While thick film deposition is preferred in most applications, 
thin film formation is required in some cases. Some samples of recently developed MXene inks for 
various battery types and primary printing/ coating methods, rheological requirements, and electro-
chemical characteristics are explained in the following sections [70].

Chaohui Wei et al. [71], demonstrated a general method to create in situ MO
x
- MXene (M: Ti, V, 

and Nb) heterostructures (Figure 12.6a and b) as heavy and multifunctional hosts with synchronous 
polysulfide immobilization and conversion to manifest good battery performance. According to 
theoretical estimation, the in situ grafted oxides increase the kinetics of the polysulfide transi-
tion without changing the MXene intrinsic conductivity as evident from figures, Figure 12.6c and 
d. Hence, the VO

X
- V

2
C/ S electrode can achieve excellent volumetric capacity (1645 mAh cm–3 at 

0.2 C) and cycling stability (retaining 631 mAh cm–3 across 1500 cycles at 2.0 C with a capacity 
deterioration of 0.03 percent per cycle) as shown in Figure 12.6e and f. More encouragingly, 3D 
printed enhanced VO

x
-V

2
C / sulfur electrodes exhibit an aerial capacity of 9.74 mAh cm–2 at 0.05 

C at an elevated sulfur loading of 10.78 mg cm–2 with a potential to become practically viable Li-S 
batteries (Figure 12.6g and h).

Significantly, the electrode structure created through 3D printing is eventually in favor of 
improving sulfur redox reactions and ion diffusivity, as well as reducing volume change during dis-
charge/ charge. This generic and practical approach should enable the development of useful LSBs 
for futuristic energy storage applications.

Kai Shen et al. [72], demonstrated a dendrite- free lithium electrode, that is an anode with a low  
overpotential of 10 mV, long cyclic stability up to 1200 h, and enhanced areal capacities fabricated  
using extrusion- type 3D printing (Figure 12.7a). MXene arrays with large interspaces assist  
lithium nucleation and regulated both lithium- ion flux and electric field, substantially inhibiting  
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the growth of lithium dendrites. Also, provide sufficient space for the enormous growth of large  
cobblestone- like lithium crystals. As depicted in Figure 12.7b, a full cell is comprehended by  
integrating a 3D- printed anode and a LiFePO

4
 cathode and possesses high- rate capabilities up  

to 30 °C and long cycle life (more than 300 cycles). This study illuminated the possibility of  
3D-printed metal- based electrodes and energy storage devices of high areal capacities. Another  
interesting work done by Zixuan Wang et al. [73], established a 3D hierarchical porous sodiophilic  
V

2
CT

x
/ rGO- CNT microgrid aerogel synthesized by using direct- ink writing technique and used  

as the Na metal matrix to create a Na@V
2
CT

x
/ rGO- CNT sodium metal anode (Figure 12.7c).  

The V
2
CT

x
/ rGO- CNT electrode has demonstrated a cycling life of >3000 h (2 mA/ cm–2, 10 mAh  

cm–2) and average Coulombic efficiency of >99 %. In this context, it was capable of functioning  
uninterruptedly for over 900 hours at 5 mA  cm–2 with an exceptional areal capacity of 50 mAh   
cm–2. V

2
CT

x
 with abundant sodiophilic functional groups can efficiently promote sodium metal  

FIGURE 12.6 (a) Diagram illustrating the fabrication procedure of 3DP MO
x
- MXene/ S electrode, (b) Digital 

image displaying printing patterns on a PET substrate with the designed dimension 6 cm × 2 cm in size, 
(c) Optical images showing the top-  and side- view of 3DP sulfur electrodes (2 cm × 2 cm) harnessing different 
layer numbers, (d) Top- view SEM image of a representative 3DP sulfur electrode, (e) BCE and 3DPE cycling 
results for VO

x
- V

2
C/ S at 1.0 C, (f) BCE and 3DPE cycling results at 0.2 C with sulfur loadings of 6.91 and 

7.32 mg cm–2, respectively, (g) Performance of 3DPE while cycling at 0.05 C and a sulfur loading of 10.78 mg 
cm–2, and (h) Diagram illustrating the pathway of ion transporters in the BCE and 3DPE models (shown by red 
arrows) [71]. Adapted with permission [71], Copyright (2022), American Chemical Society.
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FIGURE 12.7 (a) MXene ink with a high concentration of 300 mg mL−1 that is used to 3D print the MXene 
arrays and lattices to guide the nucleation and the growth of lithium. Lithium that resembled cobblestones 
was grown in the arrays along the direction of the interspaces between the printed filaments. Lithium was 
developed extensively in the lattices around the hole walls and moving towards the hole centers, (b) Cycling 
stability of 3DP- MXene arrays- Li/ LFP (inset figure is the typical voltage profile) [72], (c) Schematic 
representation of the creation of a 3D- printed V

2
CTx/ rGO- CNT microgrid aerogel electrode, (d) Diagram 

of Na@V
2CT

x/ rGO- CNT||NVP@C- rGO full battery electrochemical performance evaluation, (e) Cycling 
performance and CE of the entire cell at 100 mA g–1 [73], (f) A schematic illustration depicting the process 
of producing LSB dual electrodes using the 3DP framework of NpTi

3
C

2
T

x.
, (g) Cyclic studies of 3DP 

N-pTi3C2T
x
/ S||3DP N-pTi3C2T

x
@Li LSB full cells with sulfur loadings of 8.86 and 12.02 mg cm−2 at 0.1 C 

(E/ S ratio: 5 µL mg–1) [70]. Adapted with permission [72], [73], [70] Copyright (2020, 2022, 2021), Elsevier, 
American Chemical Society, and Elsevier.
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nucleation and uniform deposition, offering a dendrite- free morphology, according to in situ and ex  
situ characterizations and density functional theory simulation studies. Moreover, (Figure 12.7d) a  
full cell pairing a Na@V2CT

x
/ rGO- CNT anode with a Na3V2(PO

4)
3@C- rGO cathode can deliver a  

high reversible capacity of 86.27 mAh g–1 after 400 cycles at 100 mA g–1 (Figure 12.7e). Cutting-  
edge Na metal anodes could be fabricated via 3D printing and this approach explains an improved  
Na deposition chemistry on the sodiophilic V

2
CT

x
/ rGO- CNT microgrid aerogel electrode. Chaohui  

Wei et al. [70] demonstrated the uncontrolled anode dendritic growth followed by poor cathode  
high- loading performance. This in turn necessitated an innovative method for continuously modu-
lating both electrodes. An adaptable 3D-printed (3DP) framework of nitrogen- doped porous Ti

3
C

2
  

MXene (N- pTi
3
C

2
T

x
) capable of regulating the dual electrodes of Li- S batteries (Figure 12.7f) was  

fabricated. The fabricated 3DP scaffold was attributed to rich nitrogen sites, high conductivity, and  
ordered porosity to assimilate lipophilic and sulfiphilic properties. The 3DP N- pTi

3
C

2
T

x
 interlayer  

was able to dissipate the local current and homogenize Li deposition, performing as a dendritic  
inhibitor and enabling the dendrite- free anode to sustain an extremely extended lifespan of up to  
800 h at 5.0 mA  cm–2 /  5.0 mAh  cm–2. In the meantime, the 3DP N- pTi

3
C

2
T

x
 host repressed the  

polysulfide shuttle and enhanced sulfur electrochemistry, particularly under raised sulfur loadings.  
Figure 12.7g depicts, the 3D-printed Li- S full cells (3DPbN- pTi

3
C

2
T

x
/ S||3DP N- pTi

3
C

2
T

x
@Li) that  

have a capacity decline of 0.06% each cycle and can run continuously for 250 cycles with a sulfur  
loading of 7.56 mg cm–2. More significantly, after 60 cycles at 12.02 mg cm–2, a maximum capacity  
of 8.47 mAh cm–2 was obtained.

To meet the need for flexible and wearable electronics, high- capacity, durable batteries are  
urgently needed. To increase capacity, a lot of work has gone into developing new electrode  
materials and electrolytes. On the other hand, the electrochemical performance of batteries can  
potentially be enhanced by using revolutionary manufacturing processes like smart printing.  
Zhang et. al. illustrated that the wonderful 2D nanosheets MXene could be a conductive binder  
for a simple and scalable slurry- casting method of fabrication of silicon electrodes without the  
interference of any other additives. In this procedure, nanoscale Si powders (nSi) and graphene-  
wrapped Si (Gr- Si) were added to MXene dispersion to produce their ink, which is homoge-
neous, viscous, and endowed with proper rheological properties. This ink was then coated on  
Cu foil with no other binders or conductive additive (Figure 12.8a). For nSi and Gr- Si slurries,  
respectively, the coated electrodes could approach a thickness 650 and 2100 µm, representing  
the much desirable high mass- loading of the electrode. Figure 12.8b showcases the evaporation 
process. After the coating, MXene sheets were randomly deposited to incorporate multiple  
nanosheet networks with wrapped Si nanoparticles. This nanoscale network turned out to be a  
highly durable composite electrode with outstanding mechanical properties during its evolution  
as depicted in Figure 12.8c. The concentration (or viscosity) of the MXene ink could be adjusted  
to modify the electrode shape, size, and thickness. One of the important properties look for high-  
performance batteries is their electrical conductivity and MXene nanosheets are earmarked by  
excellent electrical conductivity. Hence the addition of 30% MXene into Si powder would boost  
the conductivity of the composites nSi/ MX- C (3448 S m–1), nSi/ MX- N (336 S m–1), and Gr- Si/  
MX- C (5333 S m–1), respectively. This may be attributed to the synergistic interaction between  
the MX- C sheets and the Si particles, which is supported by the strong network of the composites  
(Figure 12.8d and e). Furthermore, after repetitive bending, the composite electrodes uphold  
their outstanding electrical conductivity and admirable mechanical elasticity, leading to the  
possibility of flexible and wearable electronics. As shown in Figure 12.8f, the electrochemical  
performance was investigated and the nSi/ MX- C anode shows rational stability of 280 charge/  
discharge cycles, Besides the nSi/ MX- C electrode displayed remarkable Coulombic efficiency.  
Nevertheless, the nSi/ MX- N electrode exhibited less cycling stability related to nSi/ MX- C. The  
low fracture energy, and lower thermodynamic stability along with the low side conductivity of  
MX- N sheets decide the poor cycling stability of the networks. To enhance the mass loading  
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and capacity at a larger level, the Gr- Si/ MX- C anode was employed. Raising the MX- C mass  
fraction in the Gr- Si/ MX- C electrode (Figure 12.8g and h) provided enhanced anode capacity  
that reached the theoretical values with the add- ons like mechanical properties. Furthermore,  
the mass loading of Gr- Si anode had an impact on its capability to cycle. The cell- level specific 
capacity of the composite anodes to the previously reported Si/ carbon binder systems was  
compared and the performance of composite electrodes was evaluated based on the mass of the  
Cu foil, electrode, and half of the separator. On the cell level, specific capacity, nSi/ MX- C and  
Gr- Si/ MX- C electrodes demonstrated higher capacity than Si/ C- binder systems as displayed in  
Figure 12.8i. The capacities of the nSi/ MX- C and Gr- Si/ MX- C electrodes were 790 mAh/ g at 3.8  
mg cm–2 areal mass loading and 815 mAh g–1 at 13 mg cm–2 areal mass loading, demonstrating  
that practically all Si active materials were used.

FIGURE 12.8 (a) Fabrication of composite electrode and composite electrode preparation from Si/ MXene ink- 
based slurry, (b) the slurry drying process, (c) scheme displaying the resulting Si/ MXene composite, (d) optical 
images of the MX- C ink, showing its viscous nature, (e) cross- sectional scanning electron microscopy (SEM) 
images of nSi/ MX- C electrode, (f) first cycle charge- discharge curves at a 0.15 A g–1 (~1/ 20 C- rate) of the 
nSi/ MX- C electrodes (MX- C Mf =  30 wt%) with the MSi/ A ranging from 0.9 to 3.8 mg cm–2. Insets are the 
optical images of these electrodes. Right: Coulombic efficiency, (g) areal capacity comparison of this work to 
other Si/ conductive- binder (Si/ C- binder) systems, (h) scheme of components inside the cell, highlighting the 
importance of utilizing high MActive/ A electrodes in reducing the contribution from the inactive components, 
(i) cell- level specific capacity (C/ MTotal) on the anode side plotted as a function of MActive/ A, and compared 
to the reported Si/ C- binder systems. Dashed lines indicate the theoretical performance of the nSi (blue line) and 
Gr- Si (red line) particles [74]. Adapted with permission [74], Copyright (2019), Nature.
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12.5.3  Merits and liMitations of 3d-Printed Mxene electrodes for Battery

3D printing has a high degree of process flexibility and geometry control that allows the move 
from prototyping to production faster. 3D printing uses an eclectic range of materials, including 
powder, liquid solution, filament, and laminate. These adaptable methods could greatly aid in the 
development of advantageous nanoarchitectures ranging from zero- dimensional (0D) carbon- based 
nanoparticles to one- dimensional (1D) carbon nanotubes to two- dimensional (2D) graphene. 3D 
printing can easily realize very complex shaped and precise devices. The complexity could be in 
both planar and 3D space. Favorable interdigital designs that are difficult to realize using traditional 
techniques have easily been comprehended using different 3D printing techniques. Fast ion trans-
port is enabled by specific space constructions with periodic or aligned pores draw advantageous to 
speed up the charge/ discharge and improved mass loading. Figure 12.9 schematic of the chronicle 
condition of the printed/ coated MXene process including the synthesis of MXene, optimization 
of electrodes in printing/ coating processes, and device fabrications which have to be collectively 
optimized.

3D printing also known as additive manufacturing is a layer- by- layer deposition process with 
the help of computer- created design. This process enables us to precisely manage the thickness of 
electrodes. For flexible and wearable devices, thin- film energy devices could be created simply by 
depositing material over a few layers to build a 3D pattern. Additionally, thick electrodes, which are 
responsible for increased energy density per foot area can also be printed. In general, 3D printing 
layer- wise assembly characteristic enables good control over electrode thickness outside of the 
plane and thereby of high precision.

3D-printed energy devices characteristically outperform their corresponding bulk counterparts  
in terms of performance. The areal energy and power densities of the 3D micro battery are very  
high because of the use of a direct writing technique that enables the fabrication of high aspect  
ratio structures within a small areal footprint. [63]. Compared to the other reported carbon- based  
electrodes, the printed 3D and hierarchical graphene aerogel- based supercapacitor electrode  

FIGURE 12.9 Scheme representing chronological order of progress of 3D printed MXene.

 

 

 

 



194 3D Printing: Fundamentals to Emerging Applications

demonstrated the highest rate capability. [64]. Thanks to the 3D- printed macro- architecture that  
enables fast ion diffusion through the thick electrode.

3D printing is a low- cost and environmentally friendly approach. This is due to the greatly sim-
plified process that allows a facile one- step method of fabrication. The additive manufacturing 
technique is used in 3D printing, which means that the material can be deposited on demand. 
Furthermore, this characteristic minimizes material waste, making it far more energy- efficient and 
eco- friendly than the traditional techniques.

12.6  CONCLUSIONS AND FUTURE PERSPECTIVE

3D printing is promising in terms of cracking the evolution of energy materials and altering the design 
and implementation of future energy systems. Despite significant progress in recent years, there are 
a few challenges that must be overcome before 3D printing can be used directly as a manufacturing 
method for the large- scale production of energy storage devices. (i) At first, most of the studies 
on 3D-printed EES devices have not paid attention to the packaging materials, current collectors, 
as well as separators compared to electrodes and electrolytes [69]. Even if DIW and IJP enable 
multi- material printing by preparing inks for each component that is from electrodes to packaging 
materials, the assembly of all- printed integrated EES devices in a single printing step is required 
for fully integrated manufacturing and industrial applications remains a significant challenge for 3D 
printing techniques. (ii) Furthermore, only a limited number of materials can currently be used in 
3D printing techniques. Most of the reported studies on energy storage applications have focused 
on conventional inorganic materials. Currently, there are few printed materials available, especially 
ones that are electrochemically active for energy storage devices. To enhance the electrochemical 
behavior of 3D-printed energy storage devices, it is envisaged to add novel electrochemically active 
materials with high specific capacity and voltages to the electrode inks. From a different angle, there 
is a tone of room to grow the sector to include a wider range of printable materials. Since there are 
so many different materials that can be printed, there will be more chances for materials design and a 
wider range of uses for 3D printing technologies, including biomedical engineering, optics, sensors, 
and catalysts. (iii) Although further refinement is required before commercialization, 3D- printed 
architectures characterized by distinct morphologies and diverse features are especially beneficial 
for applications pertaining to energy storage and conversion [75].

Device performance is always governed by the electron and ion transports, and the electrode or 
device fabrication by using a network of nano architectures or ordered porous structures is important to 
accomplish superior charge storage capacity and appreciable rate ability. The fully interconnected par-
ticle networks can offer well- developed and preferentially aligned conduction channels for electrons 
and ions in the printed electrodes that will improve the accessible surface area for the electrolyte. 
These constraints can be overcome by the higher resolution 3D printing methods which are beneficial 
to engineering new and relevant energy storage systems with amazing size and shape diversity and 
micro/ nanoscale dimensions. Hence empowering advanced structural and functional breakthroughs 
are indispensable to progress the 3D-printed energy storage systems like batteries and supercapacitors.

The 3D printing process must focus on the integration of printed energy storage devices with 
electronic devices and energy- harvesting systems. Integrating the 3D-printed energy storage devices 
with electronic circuits, systems and sensors offers the advantage of a direct and effective reduction 
in the overall weight and volume, lower fabrication costs, and diversity of exotic designs formu-
lating power- source integrated electronic systems. Careful integration of energy storage devices into 
energy- harvesting systems like triboelectric and piezoelectric nanogenerators can easily deal with 
the concerns of energy- harvesting systems as well as the energy density problems of energy storage 
devices ensuring the reliability and stability [70]. It is strongly believed that with the unceasing 
growth, development, modification, and amendment of the corresponding technologies, high- build- 
speed 3D printing with an ultra- fine spatial resolution (high- resolution 3D printing emanates with a 
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tradeoff) and an extensive material choice from the MXene family will ultimately emerge. This will 
perform a critical role in offering unprecedented freedom in commercially viable manufacturing 
techniques for the perfect trifecta of improved performance, complex geometries, and simplified 
fabrication for the next- generation energy storage devices and paving way for more value- added 
activity.
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13.1  INTRODUCTION

Energy in the world is directly linked with the well- being and prosperity of mankind. It comes 
in many forms and sources. Subsequently, energy is required to run everything in the world and 
outer space. The surge in energy makes it a very important aspect; without energy, life is impos-
sible. The Sun is the largest source of energy for the Earth. However, in the present day, we are 
most reliant on fossil fuels for generating and supplying energy, these are non- renewable sources of 
energy. However, due to the overexploitation of these resources, severe adverse effects have been 
observed in the atmosphere. Solar and tidal energy are good sources but they aren’t continuous in 
supplying power, which forces us to develop new and better energy storage systems. However, with 
the growing population and increasing consumption of energy, the development of new technologies 
becomes vital to support the functioning of the planet. The development of new technologies to gen-
erate energy will need efficient storage methods. The world is progressing toward decarbonization 
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which will escalate the growth of the energy storage industry. Decarbonization is the term used to 
denote the process of reducing the dependence on the energy sources such as fossil fuels which give 
out carbon dioxide gas while supplying energy and have adverse effects on the atmosphere such as 
global warming. These issues enable new opportunities and approaches for building different types 
of storage energy devices such as mechanical, thermal, electrochemical, and chemical. Among the 
techniques, electrical and electrochemical storage devices have been widespread due to their easy 
operation and user- friendly operation.

From the above categories, electrochemical and electrical comprise several devices, such as 
batteries, flow batteries, supercapacitors, and superconducting magnetic energy storage, which 
have gained popularity due to their high performance. These devices display good performance due 
to their high energy density and long lifespan. The performance of batteries and supercapacitors 
depends on electrochemical processes that determine the relative energy and power density. Many 
recent studies have prevailed that several materials demonstrate the high power density of batteries 
as well as the long cycle life and short charging times of supercapacitors which will be a break-
through for manufacturing energy storage devices (ESD) [1]. Furthermore, materials used to manu-
facture energy storage devices play a very important role as they make up the largest proportion of 
the system cost, performance, and properties of energy storage devices. Polymeric materials such 
as polyvinylidene fluoride (PVDF) have been a point of research for their applications in energy 
storage devices such as an electrolyte. PVDF and its copolymers are also being used as a host for 
gel polymer electrolytes [2]. For the last two centuries, batteries have been mainly fabricated using 
liquid/ semiliquid electrolytes due to their high ionic conductivity and excellent wetting proper-
ties of the electrodes, but they were vulnerable to corrosion and leakage. These issues are even 
more concerning due to the increasing demand for energy storage devices for handheld devices, 
so replacing liquid electrolytes with inorganic material- based solid- state electrolytes (SSE) is 
necessary. The batteries with SSE display exceptionally high power density, durability, and better 
safety [3].

Apart from conductive polymers and inorganic metals, nanocomposites and nanomaterials 
are the materials which been a great area of research for electrochemical energy storage devices. 
Nanomaterials have enabled electrically pseudocapacitive materials like transition metal oxides 
to be used more efficiently in batteries and capacitors [4]. Nanomaterials in form of natural 
biopolymers such as nano- cellulose are used in several ESDs due to their unique and attractive 
mechanical and electrochemical properties that make nano- cellulose highly suitable for manufac-
turing several energy storage components such as electrolytes, separators, binders, and substrates 
[5]. Apart from nano- cellulose, researchers have also focused on building ESDs through several eco- 
friendly bionanomaterials such as lignin, cotton, and protein (silk) by incorporating electroactive 
nanomaterials for example carbon nanotubes (CNT), graphene, and metallic nanomaterials to make 
them electronically conductive [6]. Once we select the appropriate materials for manufacturing 
energy storage devices, there is a challenge for the process selection, here 3D printing comes into 
play. 3D printing has been a popular method in manufacturing quick prototypes of the product and 
parts which can be further tested to know if they comprise the desired properties or need improve-
ment to enhance the overall performance. Upon producing the prototypes 3D printing also enable 
us to produce innovative state- of- the- art products which are a leap ahead of the energy storage tech-
nologies [7].

13.2  CHARACTERISTICS AND TYPES OF BATTERIES

To understand the working principle of batteries, it’s necessary to study the fundamental 
characteristics and functioning of a battery. This section describes the basic terminologies used in 
batteries, such as anode, cathode, theoretical potential of battery, theoretical capacity, specific cap-
acity, theoretical energy, specific energy, energy density, coulombic efficiency, and C- rate.
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13.2.1  anode and cathode

The anode is even noted as a negative electrode that undergoes an oxidation reaction during the 
discharging process of an electrochemical process. The cathode is known as the positive electrode 
where a reduction reaction occurs during the discharge process.

13.2.2  theoretical Voltage

Theoretical voltage is described based on the electrode redox potentials. It is also denoted as 
standard cell voltage calculated as the difference between cathode standard potential and anode 
standard potential.

13.2.3  theoretical and sPecific caPacity

The theoretical capacity of the cell is the maximum capability to store electric charge by using the 
overall potential of the electrode materials. The unit of capacity is the coulomb. However, the spe-
cific capacity is the capability of the electrode material to store charge per unit mass of area.

13.2.4  theoretical and sPecific energy

Theoretical energy is the highest energy output by the cell with a theoretical capacitance and voltage. 
Its unit is Watt- hour. While the specific energy is the highest energy produced by a cell from the unit 
mass of the active material and has a unit of Wh/ g.

13.2.5  couloMBic efficiency, c- rate, and current density

The coulombic efficiency is the ratio of the overall charge output of the battery to the overall charge 
total charge in the battery during the complete cycle or can be simplified as the ratio of discharge 
and charge capacities of the cell. While the C- rate is defined as the ratio of the current required for 
charging to the current obtained on discharging of the cell. The current density of the cell can be 
explained as the current flow per cross- sectional area of the electrode.

13.2.6  tyPes of Batteries

Every battery runs on almost the same principle of converting chemical energy into electrical 
energy. Redox reaction occurs during the transformation of energy into the cell. Here redox reaction 
is the reduction and oxidation of the different electrode materials dipped into the electrolyte solu-
tion and connected to an external circuit. This mechanism remains nearly the same on different cells 
and batteries. The batteries are categorized based on charge and discharge mechanism, the cells in 
which the redox reaction cannot be reversed are known as primary cells and in contrast, the sec-
ondary cells, hold the potential for redox reversibility. So, the secondary batteries can be recharged 
and discharged repeatedly. Batteries are also differentiated based on the materials they are made 
from, and they are mostly secondary batteries. Metal- based secondary cells consist of electrodes 
of two different metals such as copper, silver, etc. These electrodes are dipped into electrolytes and 
separated with a permeable membrane which allows the flow of charge but restricts electrolytes to 
mix. Li- ion batteries are the most popular type nowadays due to their performance. While they follow 
the same configuration of the components as discussed above but they possess high energy density 
which makes them applicable for various applications for example in mobile phones, laptops, and 
electric vehicles as well.

They follow the most common layered structure which helps in quick charge transfer and good 
retention of electrolytes. However, the same layered structure has some drawbacks such as they tend 
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to overheat and get sluggish after some time. Other than the metal- based batteries there are other 
types such as organic batteries which display a better redox reaction than Li- ion batteries and have 
an enhanced reaction rate. The organic batteries also have different subcategories such as p- type, n- 
type, and b- type. Further differentiating, p- type materials undergo oxidation producing cations that 
are processed on the anode. On the other hand, n- type cell configuration undergoes reduction which 
produces anions and a processed on the cathode. Both oxidation and reduction are carried out on the 
b- type cell which is used on the anode and cathode respectively. The metal- organic type of cells is 
the other type of configuration for the cells which is considered as the anodic material and organic 
cathode of p- type or n- type.

Batteries and cells even have different housing/ casings which comprise coin cells, these coin 
cells are mostly known for testing the electrodes. They have a porous membrane separating the 
electrodes, due to their minimal size fabrication and testing of the cell becomes fast and easy. 
Another cell housing types are pouch cell which has a sandwich type of structure where several 
layers of cathode and anode are packed together with foils in between which inhabit the direct 
contact of the electrodes. Current is passed through the current collector present on each terminal 
and the final housing is made using an aluminum plastic box. The commercially used cells are the 
cylindrical housing type due to their design which makes them mechanically stable. They share the 
same sequence of component placement as the other cell where the cathode and anode electrodes 
are separated with a porous membrane.

13.3  3D- PRINTED NANOCOMPOSITES FOR BATTERIES

13.3.1  layered Materials- Based nanocoMPosites

3D printing has been in popularity for the last 20 years with several applications which could be 
only possible due to several methods and materials. The same versatility of additive manufacturing 
technology and the combination of nanomaterials has been useful in manufacturing energy storage 
devices and has helped enhance the performance of the devices quite drastically. Among all the 
techniques of additive manufacturing, 3D printing with layered structure nanomaterials comes with 
the most cost- effective process and has the potential for mass manufacturing. Following this, some 
researchers developed high- performance Li- ion batteries with microarchitecture materials such as 
poly- lactic acid, lithium iron phosphate, and carbon nanotubes [8]. Here in this additive manufac-
turing process, they prepared the mixture of materials through solvent casting, where the electrode 
materials were dissolved into dichloromethane for processing. Once the material composition was 
prefixed in the solvent, this slurry was then processed on a twin- screw extruder which gave out 
filaments from the same. The nanomaterial is then processed onto a commercial 3D printer and with 
controlled process parameters, micro- architected cell lattices were formed (Figure 13.1). The 3D- 
printed electrodes attained porous frameworks and a better conducting network is achieved through 
CNT which enhances the ion and electron transfer reactions [8].

Other than the liquid phase exfoliation, several printing techniques have been used for manufac-
turing the 3D- printed micro and nanoarchitecture structures. Some researchers worked on the facile  
technique which fabricated interdigitated micro battery architectures composed of Li₂Ti₅O₁₂ (LTO)  
and LiFePO₄ (LFP) which were subjected as anode and cathode materials respectively (Figure 13.2)  
[9]. These materials were used as ink slurries for 3D- printed Li- ion batteries. Inks were prepared  
as suspension of nanomaterials (LTO and LFP) in a solution composed of various solvents such as  
deionized water, ethylene glycol, glycerol, and cellulose- based viscofiers via a multi- step process of  
particle dispersion, centrifugation, and homogenization. After mixing the materials in the solution,  
electrodes were printed on a glass substrate through a cylindrical nozzle of 30 µm control ink. This  
process had a drawback of solidification of the ink. So, to prevent solidification and adhesion during  
the patterning process a graded volatility solvent system was used in which water evaporation during  
printing allowed partial solidification of the printed structures ensuring the structural integrity, other  
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solvents such as ethylene glycol and glycerol serve as humectants that promote bonding between the  
individual layers. Once the layer- by- layer structure was ready the electrodes were processed at high  
temperatures (up to 600 oC) to remove organic additives and allow nanoparticle sintering. Particle  
sintering at high temperatures allowed high porosity which made the surface favorable for electrode  
penetration. Using the LTO- LFP system, deflected 3D- IMA with high areal energy of 9.7 J/ cm2 and  
a power density of 2.7 mW/ cm2. This attests to the potential application of micro/ nano batteries in  
electronics and biomedical devices.

Moreover, with high areal energy and power density, cycle life is also a crucial characteristic that  
is considered while manufacturing and performing batteries. Wherefore, sodium ion- based batteries  
with graphene oxide- based ink used for building filament and multi- hole gridding frameworks were  
developed by some researchers. Such a structure enables the quick exchange of sodium ions as well  
as electrons. Therefore, the frameworks possessed high specific energy with an excellent rate of per-
formance and periodic steadiness for sodium storage batteries [10]. Graphene oxide and Na

3
V

2
(PO

4
)

3
  

(NVP) inks were made by providing different concentrations of NVP in the solutions (Figure 13.3)  
[10]. Furthermore, to test the electrochemical performance of the 3D-printed frameworks, 2- layer  
frameworks were formed with an electrode width of 200 µm and spacing of 800 µm on stainless steel  
sheets followed by freeze- drying and annealing at 200 oC for two hours in an inert atmosphere. The  
areal loading of 3D- printed NVP- reduced GO frameworks was 18 mg/ cm2. The structural frame-
work electrode material displayed a promising capacity of 117.6 mAh/ g for the above- fixed config-
uration and areal loading of NVP and rGO- induced 3D- printed sodium storage systems. The  

FIGURE 13.1 Representing the process of manufacturing 3D-printed Li- ion batteries with carbon nanotubes, 
polylactic acid, and lithium iron phosphate. Adapted with permission [8], Copyright (2021), Elsevier.
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framework of the filaments is porous and crosslinked by numerous flexible nanosheets which ease  
the flow of sodium ions and electrons through the system.

Flexible 3D layered batteries have also been a field of interest for researchers when energy storage 
devices are considered. Flexible and 3D- printed energy storage devices mostly use polymers such as 
poly (vinylidene fluoride) (PVDF). Phase inversion and high ceramic loading were used to manu-
facture Li- ion battery electrolytes to demonstrate high performance. The polymeric material PVDF 
was first dissolved into N- methyl- 2- pyrrolidone (NMP) and glycerol. These solvents imparted high 
porosity and phase inversion which has been a successful method even in other research to achieve 
highly porous structures. However, a large cellular structure is formed which is not at all safe and 
suitable due to its incapability to inhabit dendritic lithium growth. So, to troubleshoot this issue alu-
minum hydroxide (Al

2
O

3
) nanoparticles were introduced into the polymer matrix. The nanoparticles 

helped to reduce the pore size and shrinkage. Subsequently, the mixture did inhabit the dendritic 
lithium growth and gained thermal stability as well as electrolyte wetting has been enhanced by 
this mixture. Even the characterization of electrolyte ink on a scanning electron microscope (SEM) 
attested that interaction of the elements generated sub- micrometer porous structures. The mech-
anical properties of the ink had a high strain to failure which made the concentrate suitable for 
flexible printed battery applications. Interestingly, in the current density test of the electrolyte, it 
was observed that the electrolyte was functional for more than 4000 hours and deflected enhanced 
tortuosity and uniform current flow. The SEM also confirmed that layer- by- layer printing provided 
excellent interfacial adhesion throughout the interface of the electrodes and electrolytes. The device 
also showed uniform discharge voltage stability under a mechanical application such as stressful 
bending [11].

FIGURE 13.2 Schematic representation of 3D-printed microbattery. (a) gold current collector, (b) LTO, 
(c) LFP, and (d) packaging. Adapted with permission [9], Copyright (2013), John Wiley and Sons.
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In contrast with the 3D- printing technique which utilized the regular solvent evaporation  
methods, which have also been discussed above in ceramic polymer electrolyte manufacturing, some  
researchers derived a new and innovative method of additive manufacturing of layered 3D- printed  
Li- ion- based energy storage configuration that was processed and manufactured under extremely  
low temperature up to - 40 0C. The electrodes produced showed interconnected pores and graded por-
osity which is the most important property of the electrodes. The temperature- based conventional  
extrusion process had drawbacks such as the structural integrity of the system isn’t good enough and  
affecting the mechanical properties of the products. Such drawbacks were minimized with the subse-
quent technique. As well as the electrodes have improved porosity which is considered beneficial  

FIGURE 13.3 Schematics and SEM images of 3D- printed frameworks. (a) Schematic and (b, c) SEM 
images of staggered grids printed by NVP9- GO ink. (d) Schematic and (e, f) SEM images of square coils. 
(g) Schematics and (h, i) SEM images of mosquito coils. (j) Schematics and (k, l) SEM images of circular 
arrays. Adapted with permission [10], Copyright (2017), American Chemical Society.
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for the lithium- ion diffusion and interface and contact of the electrode material and electrolyte is  
also enhanced. The prototype of the modeling electrode was first designed on the CAD 3D modeling  
software called Solidworks and on the other side ink was produced for additive manufacturing  
which was processed under the influence of cooling agent 1,4 dioxane. A required viscosity of the  
ink was obtained which was extruded on the substrate through the printer and the printed electrode  
was then transferred to the freeze- drying machine to get rid of the excess solvent to obtain a porous  
electrode [12]. The process is shown through a flow chart in Figure 13.4. The low- temperature direct  
writing (LTDW) technique has been beneficial in many aspects, considering the 3D printing system  
of the electrodes. The configuration obtained showed greater pore volume compared to the product  
received through the conventional additive manufacturing process through a direct extrusion system.

13.3.2  Metal oxide- Based nanocoMPosites

Transition metal oxides are prominent candidates for manufacturing electrochemical batteries, pri-
marily because of their low processing costs, ease of production, and ability to tune their morphology 
and electrochemical properties. With the introduction of nanostructured materials and advancements 
in manufacturing techniques, there has been a huge leap in the electrochemical performance of the 
subsequent metal oxide materials [13]. These products also perform well from the commercial-
ization perspective. High- performance micro batteries are of great importance for manufacturing 
microelectronic devices. As advancement in this field, self- supported 3D- printed metal oxide tech-
nologies have been introduced which leads to the enhancement of energy and power density of 
devices. If 2D and 3D electrodes are compared, 3D architectures achieve greater height by providing 
higher power density and shortening the diffusion length.

FIGURE 13.4 Schematics of the process to manufacture low- temperature direct written electrodes through 
freeze- drying and actuating a solventless method. (a) CAD modeling of 3D electrodes. (b) slurry preparation. 
(c) low- temperature direct writing process. (d) freeze- drying process. (e) porous electrodes. Adapted from 
reference [12], Copyright (2017) by the authors. Licensee MDPI, Basel, Switzerland. This article is an open 
access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) 
license.
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Earlier, while manufacturing the 3D electrodes, researchers combined the conductive materials 
with binders and additives to achieve fabricated electrodes. However, to eradicate the drawbacks 
caused by the binder and additives, researchers made self- supported electrodes comprising nano- 
architecture. Nanowires and nanotubes from a variety of inorganic materials are prepared by the 
sol- gel method [14]. A range of substrates such as titanium, platinum, or silica can be used. These 
substrates can be coated via very simple methods such as the dip- coating method. This produces 
3D templates of LiMn

2
O

4
 with a porosity of 400 nm and an aerial capacity of 3µAh/ cm2. Later 

to increase the areal capacity, MnO
2
 is electrodeposited to increase the areal capacity up to 76% 

under special conditions such as a high temperature of 185 oC. However, the cost of manganese 
has been flaring. To revive from such issues, Li- S batteries are introduced which are cost- effective, 
environmentally sustainable, and also show good performance and a high energy density of 2600 
Wh/ kg. However, their low cyclability and rate capacity due to the insulating nature of sulfur are 
major concerns. Therefore, carbon nanomaterials such as carbon nanotubes and other hybrid forms 
of nanomaterials have been utilized as hosts for sulfur cathodes for manufacturing Li- S batteries. 
These carbon- based materials increase the surface area and pore volumes which provide an 
elongated charge pathway. Subsequent materials when combined with extrusion- based 3D- printing 
technology produce adaptable customized energy storage devices. Following the 3D- printing tech-
nology sulfur hosted lithium- sulfur batteries reflect catalytic and trapping ability which enhances 
the ability of the electrodes to attain high gravimetric and volumetric capacity values. The sulfur/ 
carbon electrodes formed by this method evolved a high gravimetric capacity.

The metal oxide electrodes were manufactured using a hydrothermal method in which the 
materials were exposed to HF vapor to improve the etching efficiency and produce heterostructures 
that propose the wide application of the material. Sulfur and metal oxides heterostructures were 
then thoroughly mixed and heated at 155 oC for 6 hours to prepare a sulfur- based composite for 
the cathode slurry [15]. The usage of nanotubes and sulfur for the production of batteries showed 
enhanced electrochemical properties due to the impressive porous structure and sufficient inter-
action of the electrolytes. Metal oxide batteries have excellent electrochemical performance but 
to attain the rheological qualities and thermal properties of the metal oxide batteries, 3D- printed 
hybrid polymer- based electrolytes play a crucial role. Some researchers have worked out preparing 
a new electrolyte comprising of silane boron- nitride additive which was initially mixed with N- 
methyl- 2 pyrrolidone to exfoliate nanosheet via sonication. A coin cell assembly was prepared to 
test the electrochemical properties of the electrolyte where charging and discharging cycling were 
tested to show the effectiveness of the electrolyte in the battery. The battery showed a cycle time 
of 10 hours at 25 oC, and displayed outstanding electrochemical properties even after 150 cycles. 
Besides the electrochemical properties, the addition of hexagonal boron nitride filler enhanced 
the thermal properties of the cell by lowering the temperature as compared to the cells with liquid 
electrolytes.

13.3.3  chalcogenide- Based nanocoMPosites

The energy demand on the planet has been increasing exponentially and due to this energy produc-
tion and storage becomes a crucial task. However, generating energy is an easy task compared to 
its storage and it is required to derive new materials and techniques which ease the task of storing 
energy. Among the energy storage systems, lithium- ion batteries (LIBs) have gained wholesome 
popularity but they lack electrochemical performance such as the maximum energy capacity they can 
deliver is 400 Wh/ kg which is not sufficient [16]. Chalcogenide combined with lithium has been in 
good resemblance and have been possessing high energy density. The combination of selenium and 
sulfur has been beneficial in different ways such as more conductivity and cycle stability compared 
to the properties of the two individual elements respectively. Some researchers synthesized SeS

2
 

and carbon hollow spheres as high- performance cathode electrodes which delivered a high specific 
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capacity of 930 mAh/ g at 0.2 C and long cycle life of 89% capacity revival even after 900 cycles 
[17]. Furthermore to utilize these excellent properties in a better way the chalcogen materials in a 
powder form and processed on the 3D- printing technology to provide maximal performance for the 
electrochemical energy storage device. Initially, the SeS

2
 powder was mixed with a host material 

ketjenblack (KB) in a proportion of 7:3, respectively. KB was selected due to its high micropores 
structure. Ethanol was used as the solvent when the sample mixture was processed into an autoclave 
under the influence of argon and heated at 160 oC for 12 hrs to obtain the composite matrix. Once the 
mixture is prepared, it is mixed with multi- walled carbon nanotubes and PVDF with a weight ratio 
of 7:2:1 to obtain a suitable solution to process it as dispersion ink with a concentration of 333.3 mg/ 
mL [16]. The ink was then extruded on the 3D printer to get the final electrodes and then coagulated 
into the water for phase inversion for 12 h and then freeze- dried for the sake of solvent evaporation. 
The composite of KB/ SeS

2
 is thoroughly mixed with the CNTs and the conductive and porous

The structural framework provides a coherent pathway for the transportation of both ions and 
electrons which is beneficial for the electrochemical performance of the storage device. The printed 
electrode displayed a high areal capacity of 5.6 mAh/ cm2 for more than 80 cycles, which was higher 
compared to other electrodes made of different materials and techniques. The respective character-
ization and comparison of the material suggested that electrodes possessed high mass loading and 
enhanced electrochemical performance. The 3D- printing technology used here covered the theoret-
ical energy density to a great extent combined with good chemical, and mechanical stability as well 
as outstanding electrochemical performance due to the high areal loading of the thick electrodes. 
This confirms the reliability of lithium chalcogenide batteries and their usefulness [16].

Apart from the lithium- ion batteries which have been in mass usage throughout several  
applications, there are certain issues while using lithium- ion batteries such as acute safety issues,  
mediocre energy density, and limited sources of lithium metal. Therefore, it is necessary to derive  
new alternatives. To tackle these situations, new alternatives are being searched in a way where the  
resources are wholesome amount as well as the electrochemical properties of the electrode should  
be better than its competitors. One example of such electrode materials is the metal chalcogen  
configuration, such as Na- S, K- S, and K- Se. K- Se is the focus of research nowadays due to its out-
standing properties of Se such as efficient electronic conductivity and high theoretical capacity.  
However, there is no doubt that the chalcogen material has good electrochemical properties but there  
are many problems and challenges when they are converted to cathodic material. For example, while  
selenium metal is being utilized as cathodic material it was observed that the metal goes through  
enormous volumetric changes and results in rapid capacity damage. So to overcome this loss and  
issue Se is encapsulated into three- dimensional flexible carbon nanotubes and carbon nanosheets  
which retards the chemical mobilization of selenides and the loss of active Se materials. Ding et al.  
managed to fabricate a metal- organic framework of Se/ CoNiSe

2
 nanoreactor to construct 3D- printed  

K- Se batteries (Figure 13.5) [18]. While the configuration of nickel and cobalt was carried out  
by the solvothermal reaction which provided a high crystal structure framework. With Se ink to  
be printed as the cathodic electrode and K as a metal anode, it was observed that Se had been  
throughout the structure with uniform loading [18]. Se/ CoNiSe

2
 also represented an increase in size  

without any shape deformation and the interlayer spacing of 0.25 nm attested that the preparation of  
the nanocomposite was successful. During the charge and discharge process, it was also observed  
that the overpotential of the Se/ CoNiSe

2
-  nanoreactor (NR) type configuration was surprisingly  

lower than the Se/ NiSe
2
- NR which subsequently reflected enhanced kinetics. As discussed before  

the chalcogen metal delivered a good amount of capacity of 484.5 mAh/ g at the initial stages and  
started decaying at the rate of 0.22% per cycle after 100 cycles. But with the increase in the loading  
of metal layers, the material started to degrade at a higher rate percent and even at shorter cycle  
counts. But the lightest loading configuration of 1.7 mg/ cm2 had an open geometric architecture that  
readily served for rapid ion exchange and also enabled enhanced penetration of the electrolytes [18].  
Conclusively, the combination of the 3D- printing technology with the chalcogen metal framework  
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batteries implemented high- capacity output and long lifetime cycling of the energy storage devices.  
Apart from this, the technology also helps in reducing the over usage of other battery configurations  
such as lithium- ion batteries.

13.3.4  nanocoMPosites for flexiBle Batteries

The growing demand for energy storage devices and the evolution in manufacturing techniques 
provide us with a new platform to turn out some products with advanced properties, where one 
such quality which is in large upsurge is highly flexible and wearable energy storage batteries. 
While discussing the versatility and popularity of energy storage devices lithium- based batteries 
are the most renowned ones. While conventional batteries provide good performance, they lack 
mechanical performance due to rigidity and fragile behavior. Such rigidity is largely due to the use 
of metallic foils which serve as the supportive layers and current collectors for the electrodes. So 
when the device experiences a bend the foils tend to move from their place and lose contact with the 
electrodes, with eventual failure of the device [19]. The challenge is to provide an energy storage 
device that withstands frequent mechanical stress without affecting the device’s performance.

Several improvements have been made to the manufacturing techniques and new materials cer-
tainly, nanomaterials are introduced as well as many modifications have been made to the structural 
design of the electrodes to enhance their subsequent flexibility. Configurations for such types of 
batteries as lithium sulfur- based batteries have an ultra- high theoretical energy density of 2600 Wh/ 
kg and have a lower manufacturing cost than conventional Li- ion batteries [20]. While this material 
configuration is utilized in additive manufacturing technology which yields cost- effective products 
and the wastage of material can also be minimized. The flexible Li- S battery being discussed was 
manufactured into a bracelet design so it can be used for the desired application of flexible battery 
type. Firstly, the ink was prepared with graphene/ phenol formaldehyde to obtain the desired visco-
elasticity. The reason for combining phenolic resins with the ink is due to their excellent mechan-
ical strength after curing which save provides the device with better shock resistance and saves it 
from getting ruptured. Along with the material selection, two distinct 3D- printing techniques were 
merged where the graphene and silicon dioxide dispersed ink were printed through a syringe with 
the help of air pressure. Post- printing the electrodes were cured in an oven where the graphene oxide 
was reduced and silicon oxide was extracted through hydrofluoric acid.

FIGURE 13.5 Schematics and electrochemical performance of K- Se battery. Adapted with permission [18], 
Copyright (2022), American Chemical Society.
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Once the direct deposition method is completed, the electrode material is transferred to the other 
process of fused deposition to acquire the filament- type structure of the electrode material. Like this, 
the filament structure enables easy electron transport through the material. During the printing of 
the filaments, viscosity is the most crucial property while ink material is taken into consideration as 
with low viscosity of ink the product cannot maintain the structural integrity and on the other side 
of the viscosity of the ink is higher than required it becomes difficult to extrude through the needle. 
High sulfur loaded can be obtained by printing layer on the layer for the electrode to homogenously 
distribute in the skeletal structure which promotes better Li+  ion transfer and improve the charge 
capability of 505.4 mAh/ g at 0.2 C after 500 cycles of the product [20].

Apart from the chalcogen materials, some researchers also focused on building novel self- 
supportive electrode materials such as metal oxide. The researcher selected lithium nickel cobalt 
aluminum oxide as the cathode active material due to its high energy density, low manufacturing 
cost, and outstanding cycle life. Subsequently, vapor- grown carbon fibers (VGCF) were chosen 
as the anodic materials due to their high surface area, and electric conductivity and the material 
possesses a porous structure that enhances ion transportation. Furthermore, VGCF demonstrates 
a coiled structure that makes the material a competent material with excellent electrical properties 
as well as good flexibility and print affinity. PVDF and NMP were materials used as a binder and 
solvent for the preparation of the 3D- printing ink, respectively. The composition and proportion of 
all the materials were optimized so the ink had the required viscosity to get it printed on a 3D- printer 
extrusion nozzle.

Once the ink was ready it was processed on the Nordson EFD desktop 3D extrusion- type printer 
with a nozzle diameter of 0.8mm. With the help of compressed air which was constantly kept at 80 
psi to maintain the printing speed of 50 mm/ s to sustain the structural integrity of the electrodes, add-
itionally, the electrodes were printed on a glass substrate, and once fully printed they were processed 
on a hot plate for 15 min at 110 oC to remove the excess solvent from the product and then kept 
immediately into a vacuum oven at 120 oC to dry the material [21]. To measure the electrochemical 
properties of the electrodes, the CR2032 configuration was used to fabricate a coin cell- type device. 
Electrical conductivity tests were conducted with the respective cell configuration types where the 
electrodes displayed a conductivity between 1.1 and 5.5 S/ cm which is considered good concerning 
self- standing Li- ion electrodes which could be increased particularly by increasing the loading pro-
portion of VGCF into the mixture.

Apart from the electrochemical properties, electrodes were mechanically tested to prove their 
flexibility and strength towards bending application. For this reason, the electrodes were subjected 
to tensile strain. The test showed that the increase in polymer loading into the electrode increased the 
mechanical properties with the highest tensile stress of 1.11 MPa at 1.6% elongation and the elec-
trochemical performance of the electrodes was also tested while bending the electrode material, no 
significant difference was observed in the electrical conductivity even when the material was being 
flexed. This attested to the electrochemical capabilities of the 3D- printed batteries in a situation of 
forceful bending [21].

13.4  CONCLUSION

In this chapter, the novel technology of 3D printing was discussed to manufacture batteries with 
several configurations and design structures. Nanocomposites and nanomaterials were also included 
during the manufacturing process which enhanced the capabilities of the batteries in terms of energy 
density and charge- discharge capacity. Li- ion batteries are the once most used nowadays and the 
same were discussed in this chapter. We have moved a long way further in the field of energy 
storage devices from rigid and fragile energy storage devices to flexible and highly efficient devices. 
Batteries nowadays have been advanced to the next level, having superior qualities such as high cap-
acitance identical combined with excellent power delivery and higher cycle times. Storage devices 
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today are getting smaller in size but this does not affect the performance of the batteries, which 
becomes the interesting part. This is due to the modeling and design merged with nanomaterials 
which make the production of such microelectronics possible. From liquid electrolytes which had 
some safety issues and hazards to irradicating such issues, gel- based electrolytes were introduced. 
With time designs are getting smarter and more efficient than ever before. Na- ion and K- ion- based 
batteries have also been introduced as a convenient alternative to Li- ion batteries from the commer-
cialization point of view, which reduces the dependence on the same. They also help in minimizing 
the manufacturing cost because the cost of lithium has been flaring with time.

Chalcogen batteries are also getting popular nowadays due to their long cycle life, which is 
around 900 cycles. So not only does the battery configuration enhance the properties, but materials 
have also been a helping part in providing intelligent as well as efficient energy storage services. 
Such materials consisted of biomaterials such as nanocellulose and other nanomaterials like carbon 
nanotubes, nanowires, and graphene oxide which enhance the porosity of the electrodes to enable 
favorable and efficient ion transfer and better penetration of the electrolytes through the system. 3D 
printing is also somewhere responsible for the structural perfections of the devices and the technique 
also enables the manufacturing of miniature as well as flexible storage devices. Excluding the manu-
facturing of batteries, 3D- printing or additive manufacturing technology has been used for versatile 
applications such as building novel types of self- supported solid- state supercapacitors and many 
other devices. In the concluding part, we can say this technology of 3D printing will have a bright 
future in terms of manufacturing and will have even more quality- oriented and high- performance- 
based energy storage devices to meet the energy demands of the world.

REFERENCES

1  P. Simon, Y. Gogotsi, B. Dunn, Where do batteries end and supercapacitors begin?, Science 343 
(2014) 1210– 1211.

2  S. Chen, A. Skordos, V.K. Thakur, Functional nanocomposites for energy storage: chemistry and new 
horizons, Mater. Today Chem. 17 (2020) 100304.

3  W. Xia, Y. Zhao, F. Zhao, K. Adair, R. Zhao, S. Li, R. Zou, Y. Zhao, X. Sun, Antiperovskite electrolytes 
for solid- state batteries, Chem. Rev. 122 (2022) 3763– 3819.

4  Y. Gogotsi, R.M. Penner, Energy storage in nanomaterials –  Capacitive, pseudocapacitive, or battery- 
like?, ACS Nano. 12 (2018) 2081– 2083.

5  C. Chen, L. Hu, Nanocellulose toward advanced energy storage devices: Structure and electrochem-
istry, Acc. Chem. Res. 51 (2018) 3154– 3165.

6  O. Faruk, D. Hosen, A. Ahmed, M.M. Rahman, Functional bionanomaterials— Embedded devices 
for sustainable energy storage, in Biorenewable Nanocomposite Mater. Vol. 1 Electrocatal. Energy 
Storage Editor(s): Deepak Pathania and Lakhveer Singh, Chapter 1, pp. 1–23.

7  U. Gulzar, C. Glynn, C. O’Dwyer, Additive manufacturing for energy storage: Methods, designs 
and material selection for customizable 3D printed batteries and supercapacitors, Curr. Opin. 
Electrochem. 20 (2020) 46– 53.

8  V. Gupta, F. Alam, P. Verma, A.M. Kannan, S. Kumar, Additive manufacturing enabled, microarchitected, 
hierarchically porous polylactic- acid/ lithium iron phosphate/ carbon nanotube nanocomposite electrodes 
for high performance Li- Ion batteries, J. Power Sources. 494 (2021) 229625.

9  K. Sun, T.- S. Wei, B.Y. Ahn, J.Y. Seo, S.J. Dillon, J.A. Lewis, 3D printing of interdigitated Li- ion 
microbattery architectures, Adv. Mater. 25 (2013) 4539– 4543.

10 J. Ding, K. Shen, Z. Du, B. Li, S. Yang, 3D- printed hierarchical porous frameworks for sodium 
storage, ACS Appl. Mater. Interfaces. 9 (2017) 41871– 41877.

11 A.J. Blake, R.R. Kohlmeyer, J.O. Hardin, E.A. Carmona, B. Maruyama, J.D. Berrigan, H. Huang, 
M.F. Durstock, 3D printable ceramic– polymer electrolytes for flexible high- performance Li- ion 
batteries with enhanced thermal stability, Adv. Energy Mater. 7 (2017) 1– 10.

12 C. Liu, X. Cheng, B. Li, Z. Chen, S. Mi, C. Lao, Fabrication and characterization of 3D- printed 
highly- porous 3D LiFePO

4
 electrodes by low temperature direct writing process, Materials (Basel). 

10 (2017) 1– 13.

 

 

 

 

 

 

 

 

 

 

 

 

 

 



212 3D Printing: Fundamentals to Emerging Applications

13 Q. Liu, Z. Hu, M. Chen, C. Zou, H. Jin, S. Wang, S.L. Chou, S.X. Dou, Recent progress of layered 
transition metal oxide cathodes for sodium- ion batteries, Small. 15 (2019) 1– 24.

14 W. Xiong, Q. Xia, H. Xia, Three- dimensional self- supported metal oxides as cathodes for 
microbatteries, Funct. Mater. Lett. 7 (2014) 1– 10.

15 C. Wei, M. Tian, M. Wang, Z. Shi, L. Yu, S. Li, Z. Fan, R. Yang, J. Sun, Universal in situ crafted 
MOx- MXene heterostructures as heavy and multifunctional hosts for 3D- printed Li- S batteries, ACS 
Nano. 14 (2020) 16073– 16084.

16 C. Shen, T. Wang, X. Xu, X. Tian, 3D printed cellular cathodes with hierarchical pores and high mass 
loading for Li– SeS

2
 battery, Electrochim. Acta. 349 (2020) 136331.

17 H. Zhang, L. Zhou, X. Huang, H. Song, C. Yu, Encapsulation of selenium sulfide in double- layered 
hollow carbon spheres as advanced electrode material for lithium storage, Nano Res. 9 (2016) 
3725– 3734.

18 Y. Ding, J. Cai, Y. Sun, Z. Shi, Y. Yi, B. Liu, J. Sun, Bimetallic selenide decorated nanoreactor 
synergizing confinement and electrocatalysis of Se species for 3D- printed high- loading K- Se 
batteries, ACS Nano. 16 (2022) 3373– 3382.

19 K.H. Choi, S.J. Cho, S.H. Kim, Y.H. Kwon, J.Y. Kim, S.Y. Lee, Thin, deformable, and safety- 
reinforced plastic crystal polymer electrolytes for high- performance flexible lithium- ion batteries, 
Adv. Funct. Mater. 24 (2014) 44– 52.

20 C. Chen, J. Jiang, W. He, W. Lei, Q. Hao, X. Zhang, 3D printed high- loading lithium- sulfur battery 
toward wearable energy storage, Adv. Funct. Mater. 30 (2020) 1– 7.

21 S. Praveen, G.S. Sim, N. Shaji, M. Nanthagopal, C.W. Lee, 3D- printed self- standing electrodes for 
flexible Li- ion batteries, Appl. Mater. Today. 26 (2022) 100980.

 

 

 

 

 

 

 

 

 

 



213DOI: 10.1201/9781003296676-14

14 3D- Printed Carbon- 
Based Nanomaterials 
for Supercapacitors

Digambar S. Sawant1,2, Onkar C. Pore1,    
Shrinivas B. Kulkarni2, and Gaurav M. Lohar*1

1Department of Physics, Lal Bahadur Shastri College of Arts,    
Science and Commerce, Satara, Maharashtra 415002 India
2Department of Physics, Institute of Science, Dr. Homi Bhabha State 
University, Mumbai, Maharashtra 400032 India
*Corresponding author: gauravlohar24@gmail.com

CONTENTS

14.1 Introduction ........................................................................................................................213
14.2 3D- Printing Methods .........................................................................................................214

14.2.1 Vat Photopolymerization (VAT- P) .......................................................................215
14.2.2 Direct Energy Deposition (DED) ........................................................................216
14.2.3 Binder Jetting (BJ) ...............................................................................................216
14.2.4 Powder Bed Fusion (PBF) ...................................................................................216
14.2.5 Sheet Lamination (SL) ........................................................................................216
14.2.6 Material Jetting (MJ) or Inkjet Printing (IJP) ......................................................217

14.2.6.1 Principles of IJP Technique ................................................................217
14.2.7 Material Extrusion (ME) or Direct Ink Writing (DIW) .......................................217

14.3 Supercapacitor Performance of 3D- Printed Carbon- Based Materials ...............................218
14.4 Conclusion .........................................................................................................................225
Acknowledgment ...........................................................................................................................225
References ......................................................................................................................................227

14.1  INTRODUCTION

Due to increasing energy demand, worldwide energy sources, especially fossil fuels, are on the 
way to exhaustion. So, society has been moving toward the utilization of sustainable and renewable 
energy resources [1]– [3]. To store energy generated from these unequal resources ESD like con-
ventional capacitors, fuel cells, batteries, and SCs have attracted much attention from researchers. 
Among the various ESD, SC plays a significant role in energy storage because of its promising 
features such as low cost, higher power density, quick charge- discharge process, and long cyclic 
life [4]– [6]. 3D- printing technology is a computer- aided layer- by- layer Additive Manufacturing 
(AM) process [7]– [9]. The 3D- printing process gives phenomenal benefits in geometric form cre-
ation and quick prototyping mainly with large surface area complex 3D structure productions [10]. 
In the 3D- printing method, the development of a material design is in the simplest form. So, the 
3D- printing process is used to develop many functional devices. Also, this technology reduces the 
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loss of valuable innovative materials. Many innovative materials including nanoparticles, aerogels, 
biomaterials [11], electronic device materials [12], metamaterials [13], and even concrete that dries 
quickly have been developed by using 3D- printing technology. In current years, due to increasing 
demand for portable and wearable electronics, 3D- printing technology is being used. In the case of 
SCs, 3D- printing technology is used to prepare materials with desired shapes along with improve-
ment in their capacitance, energy density, power density, and cyclic stability [14].

Carbon- based materials are the most prominently used materials for 3D printing because of 
their properties such as good charge storage capacity, cyclic stability, and the form of different 
nanostructures. In this chapter, we are discussing graphene, CNTs, active carbon materials, and 
carbon- based complex materials all have shown their excellent power as well as energy density prop-
erties. Graphene is favorable material that is used in energy storage applications such as SCs due to 
its high surface area, high electrical conductivity, and high intrinsic specific capacity. Due to their 
skills to create links graphene and graphene oxide (GO) and reduced graphene oxide (rGO) inks are 
used for 3D printing on large scale [15]. In electrochemical devices, CNTs are used to improve their 
electrochemical performance, surface area, and current- carrying ability. CNT is classified specific-
ally in single- walled carbon nanotubes (SWCNT) and multi- walled carbon nanotubes (MWCNT) 
[16]. The symmetric and asymmetric devices have been developed of carbon- based materials and 
their composite with other prominent materials such as SiO

2
 [12]

,
 CoNi

2
S

4
 [17]

,
 MnO

2
 [18], Fe

2
O

3
 

[19], V
2
O

5
 [20] for improving their specific capacitance, energy as well as power density and cyclic 

stability.

14.2  3D- PRINTING METHODS

In coming years 3D- printing technology will be a strong production approach for the development of 
functional 3D structures with their applications ranging from automotive, and aerospace to a variety 
of consumer products [21], [22]. Depending on the printing technology and required applications, 
each cross- sectional printed layer has a thickness ranging from 15 to 500 m. Currently, 3D printing 
is only used for prototypes and custom- built small parts, However, crucial characteristics such as 
layer thickness of the material, build volume (the printable size of the material), and build speed 
(defined as the height of an object constructed in a given time or as a volumetric rate (mm3 h- 1) are 
required to represent its use as a preferred industrial manufacturing tool and the qualities of the 
materials need to be improved and optimized [6]. Several crucial factors have improved over the pre-
vious decade, as well as the introduction of new 3D- printing and 3D- printing- based technologies. 
As a result, the International Committee American Society for Testing and Materials (ASTM) has 
categorized 3D printing into the following distinct methods:

• Vat Photopolymerization (VAT- P)
• Direct Energy Deposition (DED)
• Binder Jetting (BJ)
• Powder Bed Fusion (PBF)
• Sheet Lamination (SL)
• Material Jetting (MJ) is known as inkjet printing (IJP) and
• Material Extrusion (ME) is known as Direct ink writing (DIW)

Based on physical conditions, such as the form of solid/ liquid material used and the process  
used to combine the building material, we can further classify these technologies into mechanical or 
optical. The MJ and VAT- P methods need a liquid phase to construct 3D materials while  
the remaining method used solid powder or filament to fabricate 3D materials. In the 3D- printing  
technology MJ, ME, and BJ are used to build 3D structures based on mechanical forces on the  
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other hand PBF, VAT- P, SL, and DED use an electromagnetic beam of high power made by light  
or electrons to build a 3D structure by melting, blending or inducing. As per the review, a large  
amount of the carbon- based SCs materials have been printed by using the MJ and ME method [21].  
These methods include terms like laser- designed net shaping, focused beam fabrication, direct metal  
deposition, 3D laser cladding, etc. The ME method involves fused filament fabrication or fused  
deposition modeling (FDM). The VAT- P method is better known as stereolithographic apparatus and  
digital light processing printing, and MJ involves IJP and associated technologies [23]. Figure 14.1  
presents different 3D printing processes.

14.2.1  Vat PhotoPolyMerization (Vat- P)

It is a liquid- to- solids technique in which a vat of liquid resins is irradiated with light and solid 
objects are created using computer- spatially controlled photopolymerization [24]. To develop high- 
resolution smooth electrodes VAT- P method is used. High resolution, accuracy capability, high fabri-
cation speed, and low imaging specific energy are the main advantages of this method. By using the 
UV range a large number of photopolymers may be available in a good manner and these are used 
for commercial AM methods. The connecting single monomers linked with chain- like polymers via 
a photochemical process is known as photopolymerization. The polymers must always be suitably 
cross- linked such that the polymerized molecules do not disintegrate back into the liquid phase 
monomers. It must also be strong enough to withstand varied loads while being structurally sound 
[23]. On the other hand, traditional VAT- P is a slow production process. The disadvantages of these 
methods are that they require a special processing unit to take out support and cure for enhanced 
strength. Many new and speedier approaches, such as digital optical processing and continuous 
liquid interfaces, have now been created [25].

FIGURE 14.1 Classification of the 3D printing process. Adapted with permission [23]. Copyright, (2017), 
Elsevier.
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14.2.2  direct energy dePosition (ded)

The DED is another 3D- printing method that involves directing energy into a small surface of the 
electrode which is used to heat and the material is deposited in the form of metal powder or wire at 
the same time by a melting process. The quantity of metal powder deposited for the DED process 
has a direct impact on the resolution of the printed item. Most melting metal powders are usually 
done with a laser, electron beam, or plasma/ electric arc. In the DED method deposition rate and util-
ization of material are excellent for 3D printing [26]. In one essential sense, the DED method differs 
from PBF in that the use of laser for the higher density electron beam is concentrated on a coating 
of metal powder that is pre- deposited [23]. The DED printing technology takes a long time and 
needs inert conditions, making it an expensive manufacturing process. Poor dimensions accuracy 
and resolution and limited materials for production purposes are the main disadvantages of the DED 
printing process [27].

14.2.3  Binder Jetting (BJ)

Binder jetting (BJ) involves a specific coating of a liquid state bonding material on top of powder 
particles to bind them together, resulting in the creation of a 3D item. The platform is then lowered 
to distribute a second layer of powder after the print head drops a bonding material over the powder. 
This creates a 3D structure by feeding a layer of powder and adding binders in a two- dimensional 
pattern. BJ method requires low- imaging specific energy. BJ’s benefits are the lack of support, 
material flexibility, huge build capacity, fast printing speed, and availability at minimum cost. 
But demerits of the BJ- printing methods are the strength of a material is very poor and addition-
ally processing unit is required for eliminating moisture and enhancement of strength of the given 
material [23].

14.2.4  Powder Bed fusion (PBf)

Another 3D- printing technique is PBF in which a high- temperature heat source like a laser or elec-
tron beam is used to generate partial or complete fusion between small particles of powder. Another 
powder layer is added to these small particles of powder and smoothed using a roller or blade 
recoated. This process is also known as laser sintering. The material fabrication speed of the PBF 
method is very high. In recent years direct metal laser sintering, selective laser melting, and elec-
tron beam melting are the most common powder bed melting processes that are used in the PBF 
process [28]. In solid- state sintering, just the surface of the particles binds together and resulting 
in intrinsic porosity in the component. Whereas in liquid- state melting, most particles melt and 
merged resulting in a fully dense part with nearly no porosity. In the PBF method, the thickness of 
the deposited powder layer is about 1 micrometer (µm) and the speed of the laser system is 1 m/ 
s [29]. The main disadvantage of PBF is the 3D material build rate of the PBF method is slow as 
compared to other printing processes. Also, the machines which are used to make 3D materials are 
costly. The construction period of 3D materials might range from hours to several weeks. PBF and 
BJ are two types of 3D- printing technologies that employ powders as building components (metals 
or polymers) [8].

14.2.5  sheet laMination (sl)

Sheet lamination (SL) is the technique of assembling and laminating thin layers of material to create 
a 3D item with high speed. In the SL method, it is possible to develop 3D- printing materials with 
several colors. The lamination method involves bonding, and ultrasonic welding/ brazing while at 
the last stage- specific shape is accomplished either by laser cutting or by using ultrasound. Each 
material sheet may be thought of as one of the solid item’s cross- sectional layers. The SL process 
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can be classified into two categories viz laminated object manufacturing (LOM) and ultrasonic addi-
tive manufacturing (UAM). The LOM is further classified into adhesive bonding, thermal bonding, 
and clamping. The UAM is a hybrid SL method that incorporates computer numerical controlled 
cutting and ultrasonication metal welding. In the SL method when the materials are in the internal 
cavity removing the support is very hard. Further toxic gases are produced during thermal cutting 
and large- scale material is wasted these are the drawbacks of SL methods [30].

14.2.6  Material Jetting (MJ) or inkJet Printing (iJP)

Material jetting (MJ) or inkjet printing (IJP) is a drop- casting- based material deposition technology 
that was first utilized in 2D space for graphic or document printing. The IJP is a promising tech-
nology to develop high- resolution 3D- printing designs of multiple materials with multiple color 
combinations. It was developed as a direct material deposition method without touch for a variety of 
uses, including electrical and biological ones [31]. Polymer jetting and BJ are two methods included 
in IJP for their innovative technology properties in the printing process. In the polymer jetting 
method, the inkjet print top head deposits light- healed photosensitive polymer onto the current col-
lector. The binder is sprayed onto a powder bed during the BJ process to form a cross- section of the 
surface. This is identified as 3D printing because the liquid substance used in IJP is so close to that 
used in traditional procedures such as the Meyer rod coating. IJP is also widely utilized for printing 
SCs [32] due to the high resolution of IJP technology and its great various types of printing capacity 
on large areas [33].

In most cases, the active ingredient is dispersed in a solvent to prepare the ink and the resulting 
final material for IJP is used in the form of a diluted liquid. To avoid blockage in printing, IJP ink 
must be well written and free of agglomerates. To obtain the requisite ink with the desired fluid 
behavior, the synthetic substance that is blended with ink must also be considered. For the effective 
work of the IJP processes ink parameters such as viscosity μ, surface tension σ, density ρ with speci-
fied ranges, and nozzle size also affects the particular constraints for a fixed nozzle diameter d [34].

14.2.6.1  Principles of IJP Technique
To develop high- resolution and homogeneous forms, the IJP technique involves jetting ink drops 
from a nozzle. It produces an effective coating of drops of ink on the target material surface in a 
quick and controlled mode. The IJP technique can be separated into two types based on the droplet 
jetting mechanism: continuous inkjet (CIJ) and drop- on- demand (DOD) [4]. Benefiting from sur-
face tension forces, the CIJ process produces a nonstop stream flow of droplets that separates into a 
stream of droplets. After that, an electric charge is introduced to certain droplets via an electrostatic 
field. In this process, charged droplets are diverted towards the electrode whereas the chargeless 
droplets are collected for reuse. As a result, individual ink drops are created just when needed in 
DOD systems. DOD IJP is classified as thermal or piezoelectric based on the ink- drops- driven 
mechanism. In piezoelectric DOD inkjet printers, an electric field is delivered to the piezoelectric 
material to cause the reservoir’s shape to change. The ink of a thermal DOD inkjet printer is quickly 
heated to create small air bubbles inside the ink chamber. These bubbles collapsed and clean ink 
droplets passed out from the nozzle. Droplets of smaller diameters are created in comparison to CIJ, 
which are reached by developing higher resolutions [35]. Besides the printing equipment, the ink 
composition, ink- substrate interactions, and post- treatment techniques can all have a crucial impact 
on the quality of printed form. But in the IJP methods variety of printable inks are limited.

14.2.7  Material extrusion (Me) or direct ink writing (diw)

Another 3D- material deposition process is ME or DIW, used to deposit printing materials such 
as pastes or hydro- gels. This method has multiple benefits, including material versatility and 
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cost savings. It is a straightforward printing method that requires no post- processing with low- 
cost printing machines. In this process by applying constant pressure, the material is pushed out 
from a nozzle. Increasing the viscosity of a printed structure can help it keep its shape [23]. To 
allow for form preservation of printed lines, the printing materials must be thixotropic, i.e., shear 
thinning. Also, it has sufficiently high yield stress and storage modulus. This technique helps with 
the computer- assisted stacking of successive layers into a pile- like structure. Direct writing has been 
used to build batteries and SCs as a suitable 3D- printing technology due to its adaptability and high 
material loading [36]. In comparison to IJP, this printing technology enables large mass- loading 
materials to be printed with a significantly lower chance of nozzle blockage [21]. Furthermore, very 
large mass loadings of active materials may be employed to boost areal capacitance and energy 
density tremendously. However, achieving high viscosity ink with shear thinning behavior requires 
extensive management and rheological properties of links and cannot be constructed by piercing 
outside corners of that materials.

In the ME printing process, after exiting the nozzle the extruded material has deposited at a con-
sistent pace and entirely hardened on the substrate. Furthermore, the material must connect with 
the preceding material to build a solid component that will stay in that structure throughout the 
procedure. Thermoplastic materials are used in FDM. These FDM materials can provide material 
qualities such as UV resistance, biocompatibility, translucence, and toughness. These qualities make 
them ideal for use in demanding environments such as those found in the automotive, aerospace, 
medical, and other sectors [37]. The extrusion approach increases the material selection flexibility 
for SC electrodes by allowing the use of large surface area materials such as CNT, graphene, and 
pseudo material. Rheology testing, on the other hand, is a necessary part of the extrusion material 
selection process. With increasing shear rate, the viscosity of extrusion material decreases, showing 
shear thinning behavior. The printing material’s viscosity is temporarily reduced by extrusion, but it 
returns to its previous condition after exiting the nozzle. This is significant because enhancing vis-
cosity can aid in the form- keeping of a printed structure.

14.3  SUPERCAPACITOR PERFORMANCE OF 3D- PRINTED CARBON- BASED 
MATERIALS

The SCs materials consist of carbon- containing material, conductive polymers, metal oxides (MOs), 
carbides, sulfides, and nitrides. But in the actual fabrication of SC devices, carbon- based materials 
like AC, CNT, graphene, and its derivatives are widely used. Their cost effectiveness, outstandingly 
fast charge- discharge ability, high power density, and long cycle lifetime make them a preferable 
candidate for making SC devices [38]. In recent years most researchers fabricated symmetric and 
asymmetric SC devices of carbon- based materials by using IJP and ME 3D- printing processes. We 
said in the aforementioned concept that these devices are easy to construct, and less vulnerable 
to ionic conductivity boundaries of the internal bulk volume of constructing ingredients band in 
aqueous- based electrolytes a several polymeric or plastic materials are more stable. IJP is a popular 
technique used in SCs printing.

Huan et al. [39] synthesized K
2
Co

3
(P

2
O

7
).2H

2
O by hydrothermal process. Thereafter they  

fabricated a flexible solid- state micro- SC on a polyethylene terephthalate substrate used as a current  
collector which was coated with silver ink. Then the slurry of active material K

2
Co

3
(P

2
O

7
).2H

2
O  

nanocrystal whiskers coated on the electrode surface. The device consists of K
2
Co

3
(P

2
O

7
).2H

2
O  

positive electrode and a graphene nanosheet used as a negative electrode using a solid- state KOH/  
PVA gel electrolyte. The device delivered a specific capacitance of 6.0 F cm- 3 at a current density  
of 10 mA/ cm3 with good cyclic stability up to 5000 cycles with 94.4 % of its initial capacitance.  
This device also showed good flexibility with a tilt angle ranging from 0 to 180° and a good 0.96  
mWh/ cm3 energy density. Li et al. [40] developed a solid- state micro- supercapacitor (MSC) device  
of rGO/ MoO

3
 nanosheets by IJP technique on polyamide (PI) film in air atmosphere through a  
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thermal route. Figure 14.2a represents the construction process of rGO/ MoO
3
 by an inkjet method.  

The prepared rGO/ MoO
3
 by inkjet symmetric MSCs using (PVA)- H

2
SO

4
 gel electrolyte takes good  

flexibility, attains volumetric capacitance of 22.5 F/ cm3 at 4.4 mA/ cm3 current density, and sustains  
capacity retention 82% after 10000 galvanostatic charge- discharge (GCD) cycles (Figure 14.2b). It  
exhibits a high energy density of 2 mWh/ cm3 concerning a power density of 0.018 W/ cm3.

Wang et al. [5] synthesized asymmetric supercapacitor (ASCs) device with MnO
2
/ Ag/ MWNT as 

positive and MWNT as a negative electrode by using HP Deskjet 1010 inkjet printer. The fabricated 
ASC device exhibited volumetric capacitance of 5.3 F/ cm3 at a scan rate of 10mV/ s Also it delivered 
high energy density (1.28 mWh/ cm3) at corresponding power density (96 mW/ cm3) and good cyclic 
stability of 96.9% after 3000 GCD cycles. The MJ- method able to attain higher mass loading of 
multi- materials structures. Also, it allows good contact between cathode, electrolyte, and cathode. 
Further, it allows the electrode to create more composite geometries and helps to eliminate the dis-
crepancy in specific mass, print area, and size differences in SC devices. In comparison to ASCs 
applications, MJ- based electrodes for symmetric SCs (SSCs) have received and achieved greater 
development. Le et al. [41] synthesized GO nanosheets by inkjet method on Ti current collector 
electrode and thermally reduced at 200°C in the presence of nitrogen, which exhibits specific cap-
acitance of 132 F/ g.

Le et al. [7] prepared inkjet printer graphene- based MSCs on different current collector elec-
trode which exhibits the maximum areal capacitance of about 0.7 mF/ cm2 and AC- based materials 
were developed with the IJP method on silicon current collector electrode. They connected more 
than 100 devices in both combinations (series and parallel). The best thing about these developed 
MSCs is that they have been shown to have a good performance after eight months of fabrication 
when charged up to 12 V. Pech et al. [42] fabricated the MSCs device by preparing an ink mixture of 
AC powder with polytetrafluoroethylene (PTFE) in ethylene glycol with a gold metal collector and 
depositing it onto a silicon substrate by IJP method. It has been reported to show a cell capacitance 
of 2.1 mF/ cm2 in SSC using the MJ technique.

Li et al. [43] developed that printing graphene with the dimethylformamide (DMF) used as a  
solvent for dispersions as inks in SSCs exhibits a high areal capacitance of 0.82 mF/ cm2 at a min-
imum scan rate of 10 mV/ s and delivered power density of 8.8 mW/ cm2. Xu et al. [44] mentioned  
that MJ provides excellent control over thickness as a layer- by- layer process and SSCs exhibit a  
power density of 124 Wh/ kg with respect to an energy density of 2.4 Wh/ kg of NGP/ PANI thin film  
when graphene inks are printed on polyaniline. Choi et al. [33] fabricated an SWNT/ AC SCs device  
by direct IJP on high- resolution print on an A4 paper sheet. The fabricated SC device exhibited an  
areal capacitance of 100 mF/ cm2 with good capacity retention after 10000 GCD cycles. Chi et al.  
[3] synthesized a symmetric flexible nanohybrid paper electrode based on an IJP graphene hydrogel  
polyaniline (GH- PANI) current collector. In Figure 14.3a. shows the stepwise fabrication process of  
the GH−PANI/ GP electrode. Firstly, graphene hydrogel (GH) is synthesized hydrothermally from  

FIGURE 14.2 (a) Schematic construction of rGO/  MoO
3
 nanosheets by IJP for solid- state MSCs device and 

(b) Cyclic stability of rGO/ MoO
3
 MSCs device in 10000 cycles. Adapted with permission [40]. Copyright 

(2019), American Chemical Society.
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GO slurry and after PANI is deposited on GH. These GH- PANI were deposited on prepared GO ink  
paper substrate. The GH- PANI electrode exhibited a coral- like structure (Figure 14.3b). In the next  
step, the GH- PANI nanocomposite was printed on GP. The micrograph of layered GH−PANI/ GP  
at high magnification is presented in Figure 14.3c. The CV curve of the GH−PANI/ GP electrode is  
depicted in Figure 14.3d. It attains 190.6 mF/ cm2 at 0.5 mA/ cm2. The Regone plot of GH−PANI/ GP  
electrode shows a power density of 0.4 kW/ kg and an energy density of 24.02 Wh/ kg in Figure 14.3e.  
The inset of Figure 14.3e showed the actual photograph of the prepared device. The cyclic stability  
of the device is mentioned in Figure 14.3f. which exhibited 85.6% capacity retention over 5000  
cycles at 8 A/ g. The inset of Figure14.3 f showed the actual working device with a glowing red LED.  
Zang et al. [45] prepared a printing of flexible, coplanar MSCs using Mxene inks which exhibited  
areal capacitance of 61 mF/ cm2 at µA/ cm2 and delivered excellent GCD cyclic stability 82% at 200  
mV/ s over 10000 cycles, as well as the good energy density of 0.76 mWh/ cm2 with respect to a  
power density of 0.63 mWh/ cm2. They used a stamping system for the construction of the Mxene  
device. Yang et al. [46] fabricated device delivers a maximum areal capacitance of 2.1 F/ cm2 at 1.7  
mA/ cm2 and also exhibits gravimetric capacitance of 242.5 F/ g at 0.2 A/ g with capacity retention of  
90 % after 10,000 cycles.

Yao et al. [47] developed graphene aerogels with the DIW- printing of GO inks. They collected  
ready- to GO for using aerogel ink formulation. GO ink was then deposited by the DIW method and  
the resulting 3D material was frozen in liquid nitrogen to form an aerogel. Graphene aerogel was  
obtained by calcinating these prepared samples and fabricating process of a 3D- printed graphene  

FIGURE 14.3 (a) Schematic Illustration of the Fabrication Process of GH−PANI/ GP. (b) SEM image of 
GH−PANI. (c) SEM image of GH−PANI layer on GH−PANI/ GP at high magnification. (d) CV curves of the 
all- solid- state symmetric GH−PANI/ GP SC. (e) Ragone plots of the GH−PANI/ GP SC device and (f) Cycling 
behavior of the GH−PANI/ GP SC device at a current density of 8 A g−1. Adapted with permission [3]. Copyright 
(2014), American Chemical Society.
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Aerogel/ MnO
2
 electrode by electrodeposition is given in Figure 14.4. It exhibited areal capacitance  

of 44.13 F/ cm2. The most important fact of these Aerogel/ MnO
2
 material electrodes which attain  

excellent capacitance stabilized the specific area volume and gravimetry. These electrode materials  
have contributed to the evolution of pseudocapacitive device fabrication.

Xue et al. [48] used a stereolithographic 3D- printing method for device fabrication. The 
fabricated device exhibits high areal capacitance of 57.75 mF/ cm2 and rate capability with 70% 
retention between 2- 40 mA/ cm2 with long cyclic stability of 96% after 5000 cycles. Azhari et al. 
[49] prepared a device using the binder jet AM method. The Synthesized device showed 260 F/ g 
gravimetric capacitance and 700 mF/ cm2 areal capacitance at a scan rate of 5 mV/ s in 1 M H

2
SO

4
 

electrolyte. The device retained 80% stability after 1000 cycles.
Zhu et al. [12] prepared a symmetric GO/ GNP/ SiO

2
 electrode device by ME 3D printing process.  

The schematic of a fabrication process of the GO/ GNP/ SiO
2
 electrode is depicted in Figure 5a. It  

exhibited a specific capacitance of 4.76 F/ g at 0.4 A/ g. Also, it delivered excellent cyclic stability  
of 95.5% after testing for 10,000 cycles (Figure 14.5b). The excellent specific capacitance of the  

FIGURE 14.5 (a) Schematic presentation of preparation of 3D- GCA microlattices. (b) Capacity retention 
vs cycle number of 3D- GCA quasi solid- state SSCs device (Inset: First and last CV cycle of cyclic stability). 
Adapted with permission [12]. Copyright (2016), American Chemical Society.

FIGURE 14.4 Schematic diagram of the fabricated 3D printed graphene aerogel/ MnO
2
 electrode. Adapted 

with permission [47]. Copyright (2014), Elsevier.
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electrode may be due to the sheet- like morphology. Jiang et al. [50] developed a symmetric GAMs  
device using the ME process, GAMs show low density, high porosity, tailored lattice patterns, strong  
elasticity, and adjustable electrical conductivity, with excellent promise for numerous multifunc-
tional applications. Yao et al. [18] fabricated a 3D GA/ MnO

2
// SF- 3D GA asymmetric SC device by  

ME process which attains high areal capacitance 1700.6 mF/ cm2 at 5 mA/ cm2. It shows nanosheets  
3D- printed morphology and excellent cyclic stability 93% after 100,000 cycles.

Brauniger et al. [51] fabricated an N- doped sucrose carbon SSCs device using a computerized 
piezoelectric 3D IJP process presented in Figure 14.6a. The optimized structure presented in 
Figure 14.6b is based on 69 electrode fingers on an area of 4 × 7.5 mm and two outer contacts. The 
GCD curves of N- doped sucrose carbon showed doubled charge- discharge time as compared to 
sucrose- derived carbon and are depicted in Figure 14.6c and Figure 14.6d respectively. It showed 
stable 3D structures with specific capacitance up to 151 F/ cm3 (3.9 mF/ cm2). The fabricated SC 
device showed excellent cyclic stability of 96% after 10,000 cycles (Figure 14.6e). Yu et al. [52] fab-
ricate AC/ CNT/ MXene- N/ GO nanosheets symmetric device by ME 3D- printing processes which 
attains specific capacitance of 8.2 F/ cm2 at 10 mV/ s and also attains good cyclic stability 96.2% 
after 5000 cycles.

Yao et al. [53] synthesized 3D- MCA at a low- temperature symmetric device by an ME printing 
process. The fabrication process of the 3D- MCA electrode with micron pores morphology is given 
in Figure 14.7a. The CV curves of 3D- MCA and MCA through the fast and slow kinetic processes 
at a scan rate of 100 mV/ s are given in Figure 14.7b. The prepared electrode reported an outstanding 
capacitance of 148.6 F/ g at a minimum scan rate of 5 mV/ s, which is six to seven times greater than 
the non- 3D printed MCA. Figure 14.7c presents the 80% capacitance contribution of 3D- MCA by 
the fast kinetic process while MCA electrodes contribute 57.8% by the slow kinetic process. In the 
case of MCA, the value of charge transfer resistance is too much greater than the 3D- MCA electrode 
at - 70 0C as mentioned in Figure 14.7d.

Lang et al. [54] prepared EG/ CNT/ AgNW symmetric device by an inkjet 3D- printing process.  
It also showed morphology like graphene nanosheets, CNTs, and silver nanowires. It reported a  
specific capacitance of 21.6 mF/ cm2 at a scan rate of 0.01 mV/ s and GCD cyclic stability of 93.1%  

FIGURE 14.6 (a) Schematic process of MSC processing via piezo- printing. (b) Dimensions of the printed 
interdigital structure. (c) GCD curves of sucrose- derived carbon. (d) GCD measurements of N- doped sucrose 
carbon and (e) cycling stability of MSCs of sucrose- derived carbon (black) and N- doped sucrose carbon (red) 
over 10,000 cycles at 15 A/ cm2. Adapted with permission [51]. Copyright (2021), American Chemical Society.
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after 2000 cycles. Lai et al. [19] developed an N- STC/ Fe
2
O

3
// N- STC ACS asymmetric SC device by  

ME process which shows a specific capacitance of 1.63 F/ cm2 at a scan rate of 2 mV/ s. The device  
retained 93.2% capacity over their 10,000 cycles under various temperature ranges (- 10 to 60 °C).  
Yang et al. [46] developed nanoflakes of 3D printed Ti

3
C

2
T

x
 symmetric device by ME process which  

achieved high areal capacitance of 2.1 F/ cm2 at 1.7 mA/ cm2 and excellent GCD cyclic stability  
of 90% after 10,000 cycles. Shen et al. [55] developed nanosheets of G- VNQDs/ rGO// V

2
O

5
/ rGO  

asymmetric device by an inkjet method and it showed a specific capacitance of 207.9 mF/ cm2 at 0.63  
mA/ cm2 and good cyclic stability 65% after 8000 cycles.

Orangi et al. [14] prepared Ti
3
C

2
T

x
 MXene ink and it was printed into fine lines and predetermined  

shapes in a layer- by- layer way on paper, polymer films substrate. Figure 14.8a shows layer material  

FIGURE 14.7 (a) Schematic illustration of carbon aerogels by DIW using cellulose nanocrystalline- based 
inks. (b) Histogram of the capacitance contribution of the 3D- MCA and MCA through the fast and slow kinetic 
processes. (c) CV of 3D- MCA obtained at 100 mV/ s showing the capacitance contribution from the fast- kinetic 
processes and slow- kinetic processes. (d) Nyquist plots of the 3D- MCA and MCA. Adapted with permission 
[53]. Copyright (2021), American Chemical Society.
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deposited on the current collector and the deposited layers and finger architecture obtained at specific 
heights by the DIW method. while Figure 14.8b presents the optical image of the different  
layers (2,5,10) of MSCs material deposited on a substrate before drying. MSCs printed on polymer  
substrates were bent and twisted in various directions and at various angles, yet they exhibited no  
defects or separation from the substrate following the test and they have shown in Figure 14.8c.  
Figure 14.8d presents the CV curves of flexible MSCs at various scan rate ranges from (2- 100 mV/ s).  
The fabricated electrode achieved high areal and volumetric energy densities of about 51.7 µWh/ cm2  
and 56 mWh/ cm3 respectively. 3D interdigital electrode design at room temperature, which gained  
a high specific capacitance of 1035 mF/ cm2 at a minimum scan rate of 2 mV/ s. The voltage profiles  
of MSCs devices arranged in a series combination are shown in (Figure 14.8e).

Kang et al. [56] developed GO/ PVA/ CNT electrodes. The fabrication process of GO/ PVA/ CNT 
electrode is presented in Figure 14.9a. The fabricated SC exhibited a good areal capacity of 2.9 F/ 
cm2 and delivered an excellent energy density of 0.18 mWh/ cm2. A working device with three red 
LEDs flashing as shown in Figure 14.9b. The prepared 18- layer electrode device delivers good 
cyclic stability of 98.5% after 10,000 cycles at 10 A/ g (Figure 14.9c).

FIGURE 14.8 (a) Schematic diagram of the DIW of micro- SC with forked finger architecture. (b) Optical 
image of the MSC- 10 device printed on a glass substrate before drying. (c) Optical images of MSC devices 
during repeated bending and twisting. (d) CV curves of MSCFs at various scan rates and (e) Voltage profile of 
fabricated MSCs at 0.2 mA cm−2 for a different number of cells connected in series. Adapted with permission 
[14]. Copyright (2020), American Chemical Society.
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The given 3D- printed method discussed above and studied their prominent electrochemical  
performances. 3D printing is the future of SCs devices and is helpful for device fabrication. The  
fabricated SCs devices are expected to be applied to the next- generation energy storage system. We  
also mentioned different carbon- based materials synthesized by different 3D- printed methods with  
their electrochemical performance, cyclic stability and electrolyte in Table 14.1.

14.4  CONCLUSION

This chapter describes an overview of 3D- printing methods for ESD. In this overview we have 
explained the choice of standard 3D- printing methods such as (a) MJ (b) ME (c) BJ (d) DED (e) VAT- 
P (f) PBF and (g) SL. IJP and ME are mostly usable 3D- printing methods for SC applications due to 
their good chemical properties such as higher specific capacitance, long cyclic life, and high power, 
as well as the energy density of 3D- printed carbon- based materials. Lastly, we discussed 3D- printed 
carbon- based materials and their electrochemical performances for SCs application. Additionally, 
it is important to give careful thought to how to lower 3D printer maintenance expenses as well as 
how to increase the productivity of IJP and ME. However, as more pertinent research is published, 
we anticipate that these difficulties will soon be resolved.
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FIGURE 14.9 (a) A schematic representation of the gelation- induced ink formation and the subsequent 3D 
printing process. (b) A digital photo showing the self- healing function on the restoration of conductivity of a 
cut electrode and (c) The cycling stability of the device in 10000 cycles at 2 A g−1. Adapted with permission 
[56]. Copyright (2020), Elsevier.
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TABLE 14.1
Summary of Electrochemical SC Properties of 3D-printed Carbon- based Materials

Sr. No. Electrode Material
3D Printing 
Method

Specific 
Capacitance

Potential 
Window (V)

Cyclic 
Stability Electrolyte Ref

1. GO/ GNP/ SiO
2
// GO/ GNP/ 

SiO
2

ME 4.76 F·g−1

at 0.4 A·g−1

0.0 to 0.8 95.5% after 
10000 cycles

KOH [12]

2. 3D- MCA// 3D- MCA ME 148.6 F g−1

at 5 mV s−1

0.0 to 1.6 - TEABF
4
/ 

AN/ MF
[53]

3. CoNi
2
S

4
/ Ni/ OTL// CM/ 

Ni/ OTL
VAT- P 157.6 F·g−1

at 1 mA cm−3

0.0 to 0.8 77.3% after 
1800 cycles

KOH [17]

4. GAMs// GAMs ME 213 F g−1

at 0.5 A g−1

0.0 to 0.8 90% after
50000 cycles

H
2
SO

4
[50]

5. 3D GA/ MnO
2
// SF- 3D GA ME 1700.6 mF cm−2

at 5 mA cm−2

0.0 to 2.0 93% after 
100000 
cycles

LiCl [18]

6. N- doped sucrose carbon//  
N- doped sucrose carbon

MJ 2.8 mF cm−2

at 5 mVs−1

0.0 to 1.0 96% after 
10000 cycles

PVA/ H
2
SO

4
[51]

7. EG/ CNT/ AgNW// EG/ 
CNT/ AgNW

MJ 21.6 mF cm−2

at 0.01 V s−1

0.0 to 0.8 93.1% after 
2000 cycles

PVA/ H
3
PO

4
[54]

8. N- STC/ Fe
2
O

3
// N- STC 

ACS
ME 1.63 F cm−2

at 2 mV s−1

0.0 to 4.0 93.2 % after 
10000 cycles

EMIMBF
4

[19]

9. AC/ CNT/ MXene- N/ GO//  
AC/ CNT/ MXene- N/ GO

ME 8.2 F cm−2

at 10 mV s−1

0.0 to 0.6 96.2% after 
5000 cycles

PVA/ H
2
SO

4
[52]

10. Ti
3
C

2
Tx// Ti

3
C

2
Tx ME 2.1 Fcm−2

at 1.7 mA cm−2

0.0 to 0.6 90 % after 
10000 cycles

PVA/ H
2
SO

4
[46]

11. MXene- MnONWs- 
AgNWs- C

60
//  MXene- 

MnONWs- AgNWs- C
60

ME 216.2 mF cm−2

at 10 mV s−1

0.0 to 0.8 50% after
1000 cycles

PVA/ KOH [57]

12. G- VNQDs/ rGO// V
2
O

5
/ 

rGO
MJ 207.9 mF cm−2

at 0.63 mA cm−2

0.0 to 2.0 65% after 8000 
cycles

PVA/ LiCl [55]

13. V
2
O

5
/ SWCNT// VNNW/ 

SWCNT
ME 116.19 mF cm−2

at 0.6 mA cm−2

0.0 to 1.6 91.9% after 
8000 cycles

PVA/ KOH [20]

14. V
2
O

5
/ MWCNT// VNNW/ 

MWCNT
ME 152.7 mF cm−2

at 5 mV s−1

0.0 to 1.6 93.1% after 
12000 cycles

PVA/ KOH [58]

15. CNT@SF// CNT@SF ME 26.42 mF cm−2

at 0.42 mA cm−2

0.0 to 0.6 Good cyclic 
stability after 
15000 cycles

PVA/ H
3
PO

4
[59]

16. AC// AC ME 1.48 F cm−2 0.0 to 0.8 56% after 500 
cycles

PVA/ H
3
PO

4
[60]

17. Ni- Co– O@3D rGO// 
MnO

2
@3D rGO

ME 384.9 mF cm−2

at 2 mV s−1

0.0 to 1.3 89.9% after 
10000 cycles

PVA/ KOH [61]

18. Ti
3
C

2
Tx// Ti

3
C

2
Tx ME 1035 mF cm−2

at 2 mV s −1

0.0 to 0.6 - PVA/ H
2
SO

4
[14]

19. 3D G/ MnO
2
// 3DG/ MnO

2
ME 18.74 F cm−2 at 

1 mA cm−2

0.0 to 0.8 92.9% after 
20000 cycles

LiCl [47]

20. GO/ PVA/ CNT// GO/ PVA/ 
CNT

ME 2.9 F cm−2 0.0 to 1.0 94.3% after 
10000 cycles

H
2
SO

4
[56]

21. GO/ ZnV
2
O

6
@Co

3
V

2
O

8
// 

GO/ VN
ME 149.71 F g−1

at 0.5 A g−1

0.0 to 1.6 95.5% after 
10000 cycles

KOH [62]

22. GO- MnO
2
// AC IJP 1.586 F cm- 2

at 4 mA cm- 2

0.0 to 2.0 89.6 % after 
9000 cycles

PVA- LiCl [63]

23. CQDs/ GO IJP 4.2 mF cm−2

at 1 mV s−1

0.0 to 1.0 98% after 1000 
cycles

PVA/ H
2
SO

4
[64]

 

 

 

 

 

 

 

 

 

 



2273D-Printed Carbon-Based Nanomaterials for Supercapacitors

REFERENCES

1  O. C. Pore, A. V. Fulari, R. K. Kamble, A. S. Shelake, N. B. Velhal, V. J. Fulari, G. M. Lohar, 
Hydrothermally synthesized Co

3
O

4
 microflakes for supercapacitor and non- enzymatic glucose 

sensor, J. Mater. Sci. Mater. Electron. 32 (2021) 20742– 20754.
2  O. C. Pore, A. V. Fulari, N. B. Velha, V. G. Parale, H. H. Park, R. V. Shejwal, V. J. Fulari, G. M. Lohar, 

Hydrothermally synthesized urchinlike NiO nanostructures for supercapacitor and nonenzymatic 
glucose biosensing application, Mater. Sci. Semicond. Process. 134 (2021) 105980.

3  K. Chi, Z. Zhang, J. Xi, Y. Huang, F. Xiao, S. Wang, Y. Liu, Freestanding graphene paper 
supported three- dimensional porous graphene- polyaniline nanocomposite synthesized by inkjet 
printing and in flexible all- solid- state supercapacitor, ACS Appl. Mater. Interfaces 6 (2014) 
16312– 16319.

4  L. W. T. Ng, R. C. T. Howe, Z. Yang, T. Hasan, G. Hu, X. Zhu, C. G. Jones, Printing of Graphene and 
Related 2D Materials: Technology, Formulation and Applications, Springer International, 2018.

5  S. Wang, N. Liu, J. Tao, C. Yang, W. Liu, Y. Shi, Y. Wang, J. Su, L. Li, Y. Gao, Inkjet printing of con-
ductive patterns and supercapacitors using a multi- walled carbon nanotube/ Ag nanoparticle based 
ink, J. Mater. Chem. A 3 (2015) 2407– 2413.

6  S. A. M. Tofail, E. P. Koumoulos, A. Bandyopadhyay, S. Bose, L. O’Donoghue, C. Charitidis, 
Additive manufacturing: Scientific and technological challenges, market uptake and opportunities, 
Mater. Today 21 (2018) 22– 37.

7  J. Li, S. Sollami Delekta, P. Zhang, S. Yang, M. R. Lohe, X. Zhuang, X. Feng, M. Östling, Scalable 
fabrication and integration of graphene microsupercapacitors through full inkjet printing, ACS Nano. 
11 (2017) 8249– 8256.

8  R. D. Farahani, M. Dubé, D. Therriault, Three- dimensional printing of multifunctional 
nanocomposites: Manufacturing techniques and applications, Adv. Mater. 28 (2016) 5794– 5821.

9  A. Zolfagharian, A. Z. Kouzani, S. Y. Khoo, A. A. A. Moghadam, I. Gibson, A. Kaynak, Evolution of 
3D printed soft actuators, Sensors Actuators A Phys. 250 (2016) 258– 272.

10 P. Chang, H. Mei, S. Zhou, K. G. Dassios, L. Cheng, 3D printed electrochemical energy storage 
devices, J. Mater. Chem. A 7 (2019) 4230– 4258.

11 S. V. Murphy, A. Atala, 3D bioprinting of tissues and organs, Nat. Biotechnol. 32 (2014) 773– 785.
12 C. Zhu, T. Liu, F. Qian, T. Y. J. Han, E. B. Duoss, J. D. Kuntz, C. M. Spadaccini, M. A. Worsley, 

Y. Li, Supercapacitors based on three- dimensional hierarchical graphene aerogels with periodic 
macropores, Nano Lett. 16 (2016) 3448– 3456.

13 X. Zheng, H. Lee, T. H. Weisgraber, M. Shusteff, J. DeOtte, E. B. Duoss, J. D. Kuntz, M. M. Biener, 
Q. Ge, J. A. Jackson, S. O. Kucheyev, N. X. Fang, C. M. Spadaccini, Ultralight, ultrastiff mechanical 
metamaterials, Science 344 (2014) 1373– 1377.

Sr. No. Electrode Material
3D Printing 
Method

Specific 
Capacitance

Potential 
Window (V)

Cyclic 
Stability Electrolyte Ref

24. MWCNT IJP 235 F g- 1

at 5 mV s- 1

0.0 to 3.0 90 % after 
5000 cycles

EMIMBF
4

[16]

25. MWCNT IJP 268 F g- 1

at 5 mV s- 1

0.0 to 0.5 95 % after 
1000 cycles

KOH [65]

26. Graphene IJP 0.14 mF cm−2

at 5 mV s−1

0.0 to 1.0 90 % after 
1000 cycles

PVA/ H
3
PO

4
[66]

27. Graphene IJP 9.3 F cm- 1

at 0.25 A cm- 3

0.0 to 1.0 98 % after 
10000 cycles

PVA/ H
3
PO

4
[67]

28. Ti
3
C

2
T

x
 MXene IJP 108.1 mF cm- 2

at 1Ag- 1

- 94.7% after 
4000 cycles

PVA/ H
2
SO

4
[68]

TABLE 14.1 (Continued)
Summary of Electrochemical SC Properties of 3D-printed Carbon- based Materials

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



228 3D Printing: Fundamentals to Emerging Applications

14 J. Orangi, F. Hamade, V. A. Davis, M. Beidaghi, 3D printing of additive- free 2D Ti
3
C

2
Tx (MXene) 

ink for fabrication of micro- supercapacitors with ultra- high energy densities, ACS Nano 14 (2020) 
640– 650.

15 C. Zhu, T. Y. J. Han, E. B. Duoss, A. M. Golobic, J. D. Kuntz, C. M. Spadaccini, M. A. Worsley, 
Highly compressible 3D periodic graphene aerogel microlattices, Nat. Commun. 6 (2015) 1– 8.

16 S. K. Ujjain, P. Ahuja, R. Bhatia, P. Attri, Printable multi- walled carbon nanotubes thin film for high 
performance all solid state flexible supercapacitors, Mater. Res. Bull. 83 (2016) 167– 171.

17 J. Song, Y. Chen, K. Cao, Y. Lu, J. H. Xin, X. Tao, Fully controllable design and fabrication of three- 
dimensional lattice supercapacitors, ACS Appl. Mater. Interfaces 10 (2018) 39839– 39850.

18 B. Yao, S. Chandrasekaran, H. Zhang, A. Ma, J. Kang, L. Zhang, X. Lu, F. Qian, C. Zhu, E. B. Duoss, 
C. M. Spadaccini, M. A. Worsley, Y. Li, 3D- printed structure boosts the kinetics and intrinsic capaci-
tance of pseudocapacitive graphene aerogels, Adv. Mater. 32 (2020) 1906652.

19 F. Lai, C. Yang, R. Lian, K. Chu, J. Qin, W. Zong, D. Rao, J. Hofkens, X. Lu, T. Liu, Three- phase 
boundary in cross- coupled micro- mesoporous networks enabling 3D- printed and ionogel- based 
quasi- solid- state micro- supercapacitors, Adv. Mater. 32 (2020) 2002474.

20 J. Zhao, Y. Zhang, Y. Huang, J. Xie, X. Zhao, C. Li, J. Qu, Q. Zhang, J. Sun, B. He, Q. Li, C. Lu, X. 
Xu, W. Lu, L. Li, Y. Yao, 3D printing fiber electrodes for an all- fiber integrated electronic device via 
hybridization of an asymmetric supercapacitor and a temperature sensor, Adv. Sci. 5 (2018) 1801114.

21 V. Egorov, U. Gulzar, Y. Zhang, S. Breen, C. O’Dwyer, Evolution of 3D printing methods and 
materials for electrochemical energy storage, Adv. Mater. 32 (2020) 2000556.

22 Y. Zhang, F. Zhang, Z. Yan, Q. Ma, X. Li, Y. Huang, J. A. Rogers, Printing, folding and assembly 
methods for forming 3D mesostructures in advanced materials, Nat. Rev. Mater. 2 (2017) 17019.

23 J. Y. Lee, J. An, C. K. Chua, Fundamentals and applications of 3D printing for novel materials, Appl. 
Mater. Today 7 (2017) 120– 133.

24 X. Xu, A. Awad, P. Robles- Martinez, S. Gaisford, A. Goyanes, A. W. Basit, Vat photopolymerization 
3D printing for advanced drug delivery and medical device applications, J. Control. Release 329 
(2021) 743– 757.

25 A. Zhakeyev, P. Wang, L. Zhang, W. Shu, H. Wang, J. Xuan, Additive manufacturing: Unlocking the 
evolution of energy materials, Adv. Sci. 4 (2017) 1700187.

26 D. Svetlizky, M. Das, B. Zheng, A. L. Vyatskikh, S. Bose, A. Bandyopadhyay, J. M. Schoenung, 
E. J. Lavernia, N. Eliaz, Directed energy deposition (DED) additive manufacturing: Physical 
characteristics, defects, challenges and applications, Mater. Today 49 (2021) 271– 295.

27 B. Mueller, D. Kochan, Laminated object manufacturing for rapid tooling and patternmaking in 
foundry industry, Comput. Ind. 39 (1999) 47– 53.

28 L. E. Murr, S. M. Gaytan, D. A. Ramirez, E. Martinez, J. Hernandez, K. N. Amato, P. W. Shindo, F. 
R. Medina, R. B. Wicker, Metal fabrication by additive manufacturing using laser and electron beam 
melting technologies, J. Mater. Sci. Technol. 28 (2012) 1– 14.

29 W. E. King, A. T. Anderson, R. M. Ferencz, N. E. Hodge, C. Kamath, S. A. Khairallah, A. M. 
Rubenchik, Laser powder bed fusion additive manufacturing of metals; physics, computational, and 
materials challenges, Appl. Phys. Rev. 2 (2015) 041304.

30 I. Gibson, D. Rosen, B. Stucker, Additive Manufacturing Technologies: 3D Printing, Rapid 
Prototyping, and Direct Digital Manufacturing, second edition, Springer, New York, 2015.

31 M. Singh, H. M. Haverinen, P. Dhagat, G. E. Jabbour, Inkjet printing- process and its applications, 
Adv. Mater. 22 (2010) 673– 685.

32 P. E. Delannoy, B. Riou, T. Brousse, J. Le Bideau, D. Guyomard, B. Lestriez, Ink- jet printed porous 
composite LiFePO4 electrode from aqueous suspension for microbatteries, J. Power Sources 287 
(2015) 261– 268.

33 K. H. Choi, J. T. Yoo, C. K. Lee, S. Y. Lee, All- inkjet- printed, solid- state flexible supercapacitors on 
paper, Energy Environ. Sci. 9 (2016) 2812– 2821.

34 B. Derby, Inkjet printing of functional and structural materials: Fluid property requirements, feature 
stability, and resolution, Annu. Rev. Mater. Res. 40 (2010) 395– 414.

35 N. C. Raut, K. Al- Shamery, Inkjet printing metals on flexible materials for plastic and paper elec-
tronics, J. Mater. Chem. C 6 (2018) 1618– 1641.

36 Q. Shi, K. Yu, X. Kuang, X. Mu, C. K. Dunn, M. L. Dunn, T. Wang, H. Jerry Qi, Recyclable 3D 
printing of vitrimer epoxy, Mater. Horizons 4 (2017) 598– 607.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2293D-Printed Carbon-Based Nanomaterials for Supercapacitors

37 M. Toyoda, T. Matsuo, Fused deposition of ceramics: A comprehensive experimental, analytical and 
computational study of material behavior, fabrication process and equipment design, Fused Depos. 
Ceram. 427 (1999) 375– 381.

38 J. Yesuraj, O. Padmaraj, S. A. Suthanthiraraj, Synthesis, characterization, and improvement of 
supercapacitor properties of NiMoO

4
 nanocrystals with polyaniline, J. Inorg. Organomet. Polym. 

Mater. 30 (2020) 310– 321.
39 H. Pang, Y. Zhang, W. Y. Lai, Z. Hu, W. Huang, Lamellar K

2
Co

3
(P

2
O

7
)

2
·2H

2
O nanocrystal 

whiskers: High- performance flexible all- solid- state asymmetric micro- supercapacitors via inkjet 
printing, Nano Energy 15 (2015) 303– 312.

40 B. Li, N. Hu, Y. Su, Z. Yang, F. Shao, G. Li, C. Zhang, Y. Zhang, Direct inkjet printing of aqueous 
inks to flexible all- solid- state graphene hybrid micro- supercapacitors, ACS Appl. Mater. Interfaces 11 
(2019) 46044– 46053.

41 L. T. Le, M. H. Ervin, H. Qiu, B. E. Fuchs, W. Y. Lee, Graphene supercapacitor electrodes fabricated 
by inkjet printing and thermal reduction of graphene oxide, Electrochem. Commun. 13 (2011) 
355– 358.

42 D. Pech, M. Brunet, P. L. Taberna, P. Simon, N. Fabre, F. Mesnilgrente, V. Conédéra, H. Durou, 
Elaboration of a microstructured inkjet- printed carbon electrochemical capacitor, J. Power Sources 
195 (2010) 1266– 1269.

43 J. Li, F. Ye, S. Vaziri, M. Muhammed, M. C. Lemme, M. Östling, Efficient inkjet printing of graphene, 
Adv. Mater. 25 (2013) 3985– 3992.

44 Y. Xu, I. Hennig, D. Freyberg, A. James Strudwick, M. Georg Schwab, T. Weitz, K. Chih- Pei Cha, 
Inkjet- printed energy storage device using graphene/ polyaniline inks, J. Power Sources 248 (2014) 
483– 488.

45 C. J. Zhang, M. P. Kremer, A. Seral- Ascaso, S. H. Park, N. McEvoy, B. Anasori, Y. Gogotsi, V. 
Nicolosi, Stamping of flexible, coplanar micro- supercapacitors using MXene inks, Adv. Funct. 
Mater. 28 (2018) 1705506.

46 W. Yang, J. Yang, J. J. Byun, F. P. Moissinac, J. Xu, S. J. Haigh, M. Domingos, M. A. Bissett, R. 
A. W. Dryfe, S. Barg, 3D printing of freestanding MXene architectures for current- collector- free 
supercapacitors, Adv. Mater. 31 (2019) 1902725.

47 B. Yao, S. Chandrasekaran, J. Zhang, W. Xiao, F. Qian, C. Zhu, E. B. Duoss, C. M. Spadaccini, M. A. 
Worsley, Y. Li, Efficient 3D printed pseudocapacitive electrodes with ultrahigh MnO

2
 Loading, Joule 

3 (2019) 459– 470.
48 J. Xue, L. Gao, X. Hu, K. Cao, W. Zhou, W. Wang, Y. Lu, Stereolithographic 3D printing- based 

hierarchically cellular lattices for high- performance quasi- solid supercapacitor, Nano- Micro Lett. 11 
(2019) 1– 13.

49 A. Azhari, E. Marzbanrad, D. Yilman, E. Toyserkani, M. A. Pope, Binder- jet powder- bed additive 
manufacturing (3D printing) of thick graphene- based electrodes, Carbon N. Y. 119 (2017) 257– 266.

50 Y. Jiang, Z. Xu, T. Huang, Y. Liu, F. Guo, J. Xi, W. Gao, C. Gao, Direct 3D Printing of ultralight 
graphene oxide aerogel microlattices, Adv. Funct. Mater. 28 (2018) 1707024.

51 Y. Brauniger, S. Lochmann, J. Grothe, M. Hantusch, S. Kaskel, Piezoelectric inkjet printing 
of nanoporous carbons for micro- supercapacitor devices, ACS Appl. Energy Mater. 4 (2021) 
1560– 1567.

52 L. Yu, Z. Fan, Y. Shao, Z. Tian, J. Sun, Z. Liu, Versatile N- doped MXene ink for printed electrochem-
ical energy storage application, Adv. Energy Mater. 9 (2019) 1901839.

53 B. Yao, H. Peng, H. Zhang, J. Kang, C. Zhu, G. Delgado, D. Byrne, S. Faulkner, M. Freyman, X. Lu, 
M. A. Worsley, J. Q. Lu, Y. Li, Printing porous carbon aerogels for low temperature supercapacitors, 
Nano Lett. 21 (2021) 3731– 3737.

54 L. Liu, J. Y. Lu, X. L. Long, R. Zhou, Y. Q. Liu, Y. T. Wu, K. W. Yan, 3D printing of high- performance 
micro- supercapacitors with patterned exfoliated graphene/ carbon nanotube/ silver nanowire 
electrodes, Sci. China Technol. Sci. 64 (2021) 1065– 1073.

55 K. Shen, J. Ding, S. Yang, 3D printing quasi- solid- state asymmetric micro- supercapacitors with 
ultrahigh areal energy density, Adv. Energy Mater. 8 (2018) 1800408.

56 W. Kang, L. Zeng, S. Ling, R. Yuan, C. Zhang, Self- healable inks permitting 3D printing of diverse 
systems towards advanced bicontinuous supercapacitors, Energy Storage Mater. 35 (2021) 345– 352.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



230 3D Printing: Fundamentals to Emerging Applications

57 X. Li, H. Li, X. Fan, X. Shi, J. Liang, 3D- printed stretchable micro- supercapacitor with remarkable 
areal performance, Adv. Energy Mater. 10 (2020) 1903794.

58 J. Zhao, H. Lu, Y. Zhang, S. Yu, O. I. Malyi, X. Zhao, L. Wang, H. Wang, J. Peng, X. Li, Y. Zhang, 
S. Chen, H. Pan, G. Xing, C. Lu, Y. Tang, X. Chen, Direct coherent multi- ink printing of fabric 
supercapacitors, Sci. Adv. 7 (2021) eabd6978.

59 M. Zhang, M. Zhao, M. Jian, C. Wang, A. Yu, Z. Yin, X. Liang, H. Wang, K. Xia, X. Liang, J. Zhai, 
Y. Zhang, Printable smart pattern for multifunctional energy- management e- textile, Matter 1 (2019) 
168– 179.

60 M. Areir, Y. Xu, D. Harrison, J. Fyson, 3D printing of highly flexible supercapacitor designed for 
wearable energy storage, Mater. Sci. Eng. B 226 (2017) 29– 38.

61 T. Wang, X. Tian, L. Li, L. Lu, S. Hou, G. Cao, H. Jin, 3D printing- based cellular microelectrodes for 
high- performance asymmetric quasi- solid- state micro- pseudocapacitors, J. Mater. Chem. A 8 (2020) 
1749– 1756.

62 J. Zhao, Y. Zhang, X. Zhao, R. Wang, J. Xie, C. Yang, J. Wang, Q. Zhang, L. Li, C. Lu, Y. Yao, Direct 
ink writing of adjustable electrochemical energy storage device with high gravimetric energy dens-
ities, Adv. Funct. Mater. 29 (2019) 1900809.

63 P. Sundriyal, S. Bhattacharya, Inkjet- printed electrodes on A4 paper substrates for low- cost, dispos-
able, and flexible asymmetric supercapacitors, ACS Appl. Mater. Interfaces 9 (2017) 38507– 38521.

64 J. Liu, J. Ye, F. Pan, X. Wang, Y. Zhu, Solid- state yet flexible supercapacitors made by inkjet- printing 
hybrid ink of carbon quantum dots/ graphene oxide platelets on paper, Sci. China Mater. 62 (2019) 
545– 554.

65 S. K. Ujjain, R. Bhatia, P. Ahuja, P. Attri, Highly conductive aromatic functionalized multi- walled 
carbon nanotube for inkjet printable high performance supercapacitor electrodes, PLoS One 10 
(2015) e0131475.

66 J. Li, V. Mishukova, M. Östling, All- solid- state micro- supercapacitors based on inkjet printed 
graphene electrodes, Appl. Phys. Lett. 109 (2016) 123901.

67 L. Li, E. B. Secor, K. S. Chen, J. Zhu, X. Liu, T. Z. Gao, J. W. T. Seo, Y. Zhao, M. C. Hersam, High- 
Performance solid- state supercapacitors and microsupercapacitors derived from printable graphene 
inks, Adv. Energy Mater. 6 (2016) 1600909.

68 C. W. Wu, B. Unnikrishnan, I. W. P. Chen, S. G. Harroun, H. T. Chang, C. C. Huang, Excellent oxi-
dation resistive MXene aqueous ink for micro- supercapacitor application, Energy Storage Mater. 25 
(2020) 563– 571.

 

 

 

 

 

 

 

 

 

 

 

 

 



231DOI: 10.1201/9781003296676-15

15 Recent Progress in 3D-Printed 
Metal Oxides Based Materials 
for Supercapacitors

K.A.U. Madhushani1,2, A.A.P.R. Perera1,2,   
Felipe M. de Souza2, and Ram K. Gupta1,2*

1Department of Chemistry, Pittsburg State University, Pittsburg,   
Kansas 66762, USA
2National Institute for Materials Advancement, Pittsburg State University, 
Pittsburg, Kansas 66762, USA
*Corresponding author: ramguptamsu@gmail.com

CONTENTS

15.1 Introduction ........................................................................................................................231
15.2 Fundamentals of Supercapacitor ........................................................................................232
15.3 Types of Supercapacitors and Their Mechanisms ..............................................................233

15.3.1 Electric Double- Layer Capacitors .......................................................................233
15.3.2 Pseudocapacitors .................................................................................................235
15.3.3 Hybrid Capacitors ................................................................................................235

15.4 Introduction to 3D- Print Technology .................................................................................235
15.5 Supercapacitors Using 3D- Print Technology .....................................................................238

15.5.1 Metal Oxide- Based 3D- Printed Supercapacitors .................................................238
15.5.2 Metal Oxide- Based 3D- Printed Wearable Supercapacitors .................................242

15.4 Conclusion and Perspective ...............................................................................................245
References ......................................................................................................................................246

15.1  INTRODUCTION

With the development of science and technology, the machinery which is operated through the 
combustion of fossil fuels was invented and with growing populations, the energy demand is 
increasing daily. Consequently, it led to the depletion of fossil resources and the extensive use 
of fossil resources is creating detrimental effects on the environment and living beings. One of 
the solutions is to use advanced technologies to convert renewable resources such as wave, air, 
tidal, geothermal, water, and sunlight into green energy [1]– [3]. However, the availability of these 
energy sources is unforeseeable with fluctuations in energy output due to factors such as time, 
region, and season [1], [4]. Therefore, it is important to store the energy produced from renewable 
resources for later use. In that sense, electrochemical energy storage (EES) devices appear viable 
candidates. However, the demanding requirements such as the need for rapid energy storage, 
high energy capacity, long device life, and cost- effectiveness are needed to fulfill their range of 
applications [5].

High- performance devices can be designed with a plethora of electroactive materials that can be 
synthesized in various ways while allowing the manufacture of smaller, thinner, flexible, and more 

 

 

 

 

 

 

 

  

 

 

 
newgenprepdf

http://dx.doi.org/10.1201/9781003296676-15


232 3D Printing: Fundamentals to Emerging Applications

efficient energy storage devices [4]. Batteries and supercapacitors (SCs) are among the most popular 
EES devices [6], [7]. A supercapacitor (also known as Faraday quasi capacitor, ultracapacitor, or 
electrochemical capacitor) is becoming more popular as a convenient, efficient, and environmen-
tally friendly energy storage device due to its many promising characteristics [5]. Although SCs 
have stupendous advantages of rapid charge- discharge, lengthy durability, and high power density, 
they often present an unsatisfactory energy density compared to rechargeable batteries. The low 
energy density of SCs can be overcome with the development of new materials and technologies. 
The energy density (E) of a supercapacitor is expressed in Equation 15.1.

 E CV=
1

2
2 (15.1)

E is proportional to the capacitance (C) and the square of the voltage (V). Thus, the energy 
density can be enhanced by increasing C and V. This can be achieved via improving electrode 
components with high electrical capacity, using wide potential windows materials and electrolytes, 
and developing nanocomposites [5]. The materials for the electrodes can be synthesized by various 
techniques, and from those, 3D printing is one of the famous electrode fabrication methods due to its 
benefits of excellent process flexibility, geometry and thickness controllability, cost- effectiveness, 
and eco- friendliness [8]. Through this chapter, examples of the 3D- printed metal oxides (MOs) 
based materials for SCs are discussed.

15.2  FUNDAMENTALS OF SUPERCAPACITOR

Supercapacitors usually have four components: anode, cathode, electrolyte, and separator. The 
charge in SCs is stored at the interface between the electrode and electrolyte [9]. The constituents of 
electrodes are a decisive factor in EES devices as energy storage mainly occurs through the transfer-
ence of ions at the junction of electrodes and electrolytes [1]. Therefore, with the changes in the elec-
trochemical properties of the electrode, a supercapacitor electrode with high specific capacitance, 
and cyclic constancy can be obtained. Carbon (e.g., graphene, carbon nanotubes, activated carbon, 
porous carbon), conducting polymers (e.g., polyaniline, polypyrrole, polythiophene, poly (3,4- 
ethylene dioxythiophene)), metal oxides/  hydroxides/  sulfides/  phosphides, and their composites are 
commonly used electrode materials [1].

Carbon- based electrodes are used for commercial SCs due to their easy availability, low cost, 
and diversity as a natural resource [10], [11]. In a carbon- based electrode, the capacitance is 
attained via pure electro- sorption of the electrical double- layer [12]– [17]. Although carbon- 
based electrode materials have superior cyclic stability, their energy density is often low due to 
their energy storage mechanism. Electrodes based on conducting polymers (CPs) provide high 
energy density due to redox reactions, however, their electrochemical cyclic stability is low 
[18]. Moreover, CPs provide low power density because of their dense structure. As electrode 
components, transition metal oxides/ hydroxides (TMOs/ TMHs) deliver high power density and 
stability compared to carbon and CPs based electrodes [19], [20]. However, the low conduct-
ivity and processability are some of the limitations which could be overcome by controlling 
dimensionality and morphology.

In addition to electrode materials, electrolytes also play a vital role in the performance of the EES 
devices as they can affect power efficiency, resistance of the device, activity, thermal working range, 
durability, self- discharge ability, etc. (Figure 15.1). Large varieties of electrolytes such as aqueous, 
organic, ionic liquids, redox- active, and solid or semi- solid can be used to cover a wide range of 
SCs. An ideal electrolyte should have characteristics such as a wide operating potential, high con-
ductance, high chemical/ electrochemical stability, low volatileness, non- combustibility, inexpen-
siveness, and eco- friendliness [5].
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15.3  TYPES OF SUPERCAPACITORS AND THEIR MECHANISMS

Supercapacitors can be classified in many ways based on the principle of charge storing 
mechanism, electrolytes, the components of the electrodes, and the arrangement of the cell. 
According to the principle of energy storage, SCs are categorized into three main groups 
namely electric double- layer capacitors (EDLCs), pseudocapacitors, and hybrid supercapacitors 
(Figure 15.2) [5].

15.3.1  electric douBle- layer caPacitors

Electric double- layer capacitors, also known as electrostatic capacitors, store the charge based on a 
double- layer mechanism. Carbon- based materials which do not participate in the redox process are 
electrode materials for this category. The accumulation of ions at the electrode’s surface is due to the 
applied voltage which creates electric double layers at the interface of the electrode and electrolyte. 
The capacitance of the dual layers is linked with the accumulated opposite electric charges at the 
boundary of the electrode and electrolyte (Figure 15.3). In addition, the excess or shortage electrons 
are directed to the exterior conducting wire of the electrode, and the ions in the solvent are balanced 
with the opposite ions to keep the electrolyte as a neutral solution and due to this reason, the EDLC 
charge storage mechanism can be defined as a surface process [21].

In the charging process (applying an exterior voltage), cations of electrolyte move towards  
the negatively charged electrode whereas anions migrate to the positively charged electrode, and  
electrons move via an external circuit from the cathode to the anode forming a double layer at the  
surface of the electrodes. This is reversely true for the process of discharging. When the charging  
process is finished, the positive ions on the electrode are bound with the negative ions in the electro-
lyte solution as well as the anions on the electrode are bound with the cations in the solution [11].  
The theory behind the electric charge accumulation on the interior layer indicates that the amount  
of the anions and cations in electrolytes are maintained at a steady state throughout the process of  

FIGURE 15.1 Characteristics of an ideal electrolyte for EES devices. Adapted with permission [5]. Copyright 
(2015), Royal Society of Chemistry.
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charging and discharging. The characteristic of the surface can greatly influence the capacitance.  
The surface polarization, a large number of adsorbed ions from the electrolyte, defects in the mor-
phological structures, and polarizable species are some factors that are related to the mechanism  
of surface electrode charge storage. Carbon- related materials including carbon nanotubes (CNTs),  
graphene, and porous carbon are used as electrodes because of their benefits such as high surface  
area, availability, abundance, and low cost [11].

FIGURE 15.3 Graphical view of electric double- layer capacitors (EDLCs). Adapted with permission [11]. 
Copyright (2018), Elsevier.

FIGURE 15.2 Classification of supercapacitors based on the charge storage mechanism. Adapted with 
permission [21]. Copyright (2020), Elsevier.
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15.3.2  PseudocaPacitors

The pseudocapacitors present a diverse mechanism of electric charge storage compared to EDLCs 
and it occurs due to the fast, reversible redox reactions at the surface of the electrodes [21]. When 
an external voltage is supplied to charge the pseudocapacitor the faradaic (redox) reaction occurs at 
the electrodes, usually due to the chemical incorporation of the charged species from the electrolyte 
within the electrode’s structure. This process leads to the chemical potential energy that is stored 
in the electrode. It also engages the movement of ions to form a double layer likewise in the EDLC 
process. When the system is discharged there is the disincorporation of electrolytes that causes the 
release of electrons that are transferred through the external conducting circuit. As a result, a fara-
daic current is passed across the supercapacitor cell [22].

CPs, TMOs, TMHs, etc. are commonly used materials for pseudocapacitors due to their redox 
behavior. In such materials, three types of redox reactions can take place. They are reversible adsorp-
tion, e.g., bonding of hydrogen on the outer layer of Pt or Au, redox reactions of TMOs, and change-
able electrochemical doping– de- doping in both directions in electrodes made of CP. An important 
aspect of these reactions is that they are involved with the enhancement of both the operating voltage 
and the specific capacitance. They usually show higher capacitance and energy density compared 
to EDLCs- based materials. However, since the rate of the redox reactions is slower than that of the 
non- faradaic processes, pseudocapacitor delivers lower power density than EDLCs. The cycling sta-
bility in pseudocapacitors is lower (like batteries) than EDLCs as redox reactions introduce chem-
ical strain to the electrode [22].

15.3.3  hyBrid caPacitors

A hybrid capacitor (HC) shows a combination of EDLC and pseudocapacitor mechanisms for charge 
storage. This combination leads to some advantages such as an increase in overall energy density 
at a higher rate. The mechanisms of both EDLC and faradaic capacitance can take place simultan-
eously in hybrid SCs. Based on these concepts, large surface area, appropriate pore size, high con-
duction, and redox activeness are some of the decisive features of electrode materials to provide high 
capacitance values. HC can provide high energy density derived from redox reactions as well as high 
power density and stable cyclic performance provided by the non- faradaic capacitive electrode [11].

15.4  INTRODUCTION TO 3D- PRINT TECHNOLOGY

3D printing or additive manufacturing (AM) is a fast- growing, cutting- edge technology that is used 
for constructing structures via layer- by- layer deposition. Computer- aided design (CAD) is used to 
construct the structure files for print. This technique plays a vital role in manufacturing EES devices 
with a wide range of nano to macro sizes while controlling the geometric factors of the device, 
including dimension, porosity, shape, and layout with improved definite energy and power dens-
ities [8]. This technology can be applied to a wide range of electrode materials, including carbon, 
polymers, metals, MOs, and ceramics [23]. Developing novel 3D- print technologies in the field of 
EES devices can bring unique advantages in different applications such as automotive, healthcare, 
aerospace, and consumer products as it provides a simplistic freeform production and fast 3D struc-
tural prototyping in customized patterns [24], [25]. In addition, the 3D- printing technology allows 
the fabrication of flexible materials at a low production cost for the fabrication of EES devices with 
unique 3D structures [3].

The 3D- printing method consists of several steps starting from the model design by software to 
post- treatment. As a first step, the required components (active materials, binders, etc.) are prepared 
as a paste. Normally, the CAD with the 3D model of various shapes is used for the design in software 
that is later stored as a 3D- printing adapted format. The created design model is transformed into 
sliced layer data by using slicer programs to adjust other variables of the printing setup such as the 
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height of the layers, the thickness of the model, printing speed, and filling ratio as pre- conditions. 
Finally, printing and post- manufacturing steps such as removal of supports, sanding, and filling 
are carried out to get the customizable 3D objects with the demand qualities including conductive 
probes with modern technology [23], [25]. The scheme for the 3D design process is presented in 
Figure 15.4. Depending on the unique characteristics and their applications, there are several cat-
egories in 3D- printing processes such as photopolymerization, extrusion, powder- based, and lamin-
ation. Among them, the appropriate printing approach is chosen based on the requirements of the 
EES devices.

Photopolymerization was the first developed 3D- printing technique that can be classified into sev-
eral sections. Stereolithography (SLA) follows the mechanism of photopolymerization. This is one 
of the most popular methods for the production of 3D objects using photopolymers. The powdered 
polymer layers extruded are bound together using a UV light, and the power bed is dropped down 
to form the next layer on top after scanning each cross- section. This process is carried out until the 
intended model is completed [25]. This technique is largely applied for manufacturing EES devices 
including electrolytes, membranes, current collectors, and conductors using a photocurable resin 
which includes mostly ceramics [23].

Another convenient method for 3D printing is the extrusion- based method which is versatile and 
can include a variety of electrode materials. This method is based on two steps: (a) pretreatment of 
the material and (b) modeling deposition through a nozzle tip. Other methods such as fused depos-
ition modeling (FDM), direct ink writing (DIW), and inkjet printing (IJP) follow the extrusion- based 
mechanism [3]. The FDM process is used for printing filament- based supplies such as acrylonitrile 
butadiene styrene (ABS), polycarbonate (PC), polylactic acid (PLA), polyphenyl sulphone (PPSF), 
polyvinyl alcohol (PVA), and polyamide (PA). In this process, thermoplastic materials are converted 
to a semi- molten phase by heating. Subsequently, 3D devices are produced by depositing these 
materials on the platform layer- wise via extrusion from the dispenser nozzle. Then, they are allowed 
to solidify on a printing bed [25]. One of the major challenges of this process is to maintain the 
firmness and superiority of the object which is influenced by increasing the filament extrusion using 
a high ratio of nanofillers [27].

Through the DIW techniques, 3D electronic devices and structures can be printed with the high  
mass filling of active electrode materials. Based on the shear- thinning rheological behavior those  
substances can be prepared as high viscous and shear- thinning flow to keep a smooth extrusion and  
to maintain the shape of the objects [23]. It is necessary to maintain the viscosity at higher levels  
otherwise it can cause damage to the structure of the desired objects. The exactness and resolution of  

FIGURE 15.4 Basic steps of the 3D printing process. Adapted with permission [26]. Copyright (2021), Taylor 
& Francis. This is an open- access article distributed under the terms of the Creative Commons CC BY license.
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the ink can be regulated by changing the printing parameters such as the rate of the flow, the radius  
of the needle, the speediness of the printed head, the thickness of the ink, and the temperature of the  
outlet [27]. Although the ability to store charge can be enhanced using this method, it is difficult to  
increase the resolution and volume of the printed device [23].

The inkjet process also follows extrusion- based ink deposition, where toner is ejected from 
the tip of the outlet and deposited onto a substrate. Particularly, this process can be classified into 
two methods: continuous inkjet (CIJ) and drop- on- demand (DOD). In the CIJ process, a steady 
movement of ink droplets is deposited, and excess ink is recycled while in DOD, a discrete ink 
droplet is dropped at the pre- designed area. In this sense, the droplet ejection depends on the 
viscidness, interfacial tension, and concentration of the ink. The DOD process exhibits the benefits 
of greater material selectivity, less leakage, low expenditure, less contamination, quick program, 
and scalability from tiny droplets to the wide designed areas. The ink’s properties can be related 
to the nanoparticle size of which the ink is composed. Material accumulation, moving distance of 
droplets, and surface tension of the ink are some key factors that are considered for handling this 
process [28].

Compared to others, powder- based printing is contrary to liquid deposition methods, yet it is like  
SLA because of the light- based printing technique. In that sense, 3D components are manufactured  
by sintering the solid matters which act as the building structures from the high- powered source of  
a laser beam. Particularly, selective laser sintering (SLS) which followed the powder- based prin-
ciple, is a productive way of manufacturing 3D EES devices. The main advantage of this process  
is that unreactive portions can be recycled for further usage in the next processes minimizing the  
wastage of the ingredients. Moreover, laminated object manufacturing (LOM) is considered another  
AM mechanism that is used for producing sandwich- like EES devices from several substrates such  
as paper, plastic, and metals. In this procedure, the sheets of material are combined with heat and  
pressure, then it is cut using a knife or laser to get the desired product. Additionally, it was modified  
by using drilling machines [3]. The basic schematics for SLA, FDM, SLS, and DIW are schematized  
in Figure 15.5.

FIGURE 15.5 3D printing technologies for fabricating EES devices. Adapted with permission [4]. Copyright 
(2022), Elsevier. This is an open- access article distributed under the terms of the Creative Commons CC BY 
license.
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15.5  SUPERCAPACITORS USING 3D- PRINT TECHNOLOGY

15.5.1  Metal oxide- Based 3d- Printed suPercaPacitors

Transitional metal oxides are considered ideal electrode materials for electronic devices due to 
their superior chemical and physical properties compared to CPs and carbon- based materials. 
Comparatively, TMOs have specific capacitance ranging from 50 to over 2,000 F/ g, which are 
much higher than carbon and CPs based materials [29]. Additionally, the capacitance of TMOs can 
be increased by tailoring their structure with desired defects and interfaces. TMOs are becoming 
more desired components for the 3D printing of electronic devices due to properties such as rich 
availableness, eco- friendliness, diversity in morphology including high surface area, and ability to 
tune their properties. Although they indicate a higher increment in their energy density to a cer-
tain level, their uncontrollable volume enlargement, their poor electrical conductivity, and inactive 
ions diffusion in the bulk phase have interrupted the rate of capability and cycling stability of the 
electrodes [30].

Metal oxide thin films can be fabricated using techniques such as electron beam and vacuum 
evaporation, sol- gel method, chemical vapor deposition (CVD), electrostatic spray deposition, and 
spin coating. However, these techniques have some drawbacks, including a requirement for a post- 
annealing process which causes defects due to high temperature, complex operation procedures, and 
expensive equipment. As a convenient method for synthesizing MOs, the IJP 3D printing method is 
mostly used due to its profits of simplicity, low charge, facile operation along with allowing more 
control of parameters such as particle size, and device design. The main challenge regarding the use 
of MOs is the preparation of a stable colloidal dispersion of chemically active ingredients for the 
ink. A wet ball- milling method has been an approach to stabilize the MO nanoparticles. Through 
that, a smooth and uniform thin film can be printed using this 3D- print method. Also, the thickness 
of the active layer can be adjusted by varying the ratio of abundance moles to the volume of the MOs 
in the dispersion system or through the number of printing times [31].

Among MOs, nickel oxide (NiO) is considered promising electrode material for SCs due to its 
high theoretical capacitance (3750 F/ g), reasonable price, and environmental friendliness. The redox 
reactions involved in NiO are shown in Equations 15.2– 15.5. Despite the defined redox process for 
NiO, it presents a relatively low electric conductivity, low operational potential, and poor cycling 
stability. On the other hand, Ni(OH)

2
 presents a crystal structure with a relatively larger interlayer 

spacing which facilitates ionic transport. Along with that, the hydroxyl groups improve their inter-
action with water, which prompts its diffusion within the structure [32].

 NiO OH NiOH e+ ↔ +− − (15.2)

 NiO H O NiOH H e+ ↔ + ++ −
2

 (15.3)

 Ni OH NiOOH H e( ) ↔ + ++ −
2

 (15.4)

 Ni OH OH NiOOH H O e( ) + ↔ + +− −
2 2

 (15.5)

Giannakou et al. fabricated a micro- supercapacitor (MSCs) via the IJP process using NiO  
nanoparticles [33]. 50 nm NiO nanoparticles were synthesized and dissolved in ethylene glycol  
and surfactant for 3D printing. The satisfactory rheological properties of the solvent allowed the  
formation of a stable ink that forms a continuous thin film over a substrate. The NiO morphology  
accompanied by the formation of a thin film yielded an appreciable conductivity of 210 S/ m. The  
device fabrication was performed in four steps. First, the IJP of Ag nanoparticles was applied to  
serve as the current collector matrix. Second, NiO nanoparticles were IJP over Ag nanoparticles.  
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Third, an annealing process was performed to properly adhere and sinter the nanoparticles at 150  
°C. This was an important step to decrease the contact resistance between the nanoparticles. Fourth,  
a drop- casting technique was used to add the electrolyte (Figure 15.6a). This technique presents  
the advantage of the scalability and versatile use of substrate which can be either flexible or rigid  
(Figure 15.6b). The combination of techniques along with proper contact between the NiO and Ag  
nanoparticles yielded a device with volumetric as well as areal capacitances of 705 F/ cm3 and 155  
mF/ cm2, respectively.

Among redox- active TMOs, vanadium oxides (VO
x
) are promising pseudocapacitive electroactive 

materials due to their several stable oxidation states along with their unique layered structures that 
can improve the ionic transfer processes. In terms of 3D- printing approaches, it has been shown that 
V

2
O

5
 electrodes can be printed through the IJP method [28]. For the 3D printing of CuO, the FDM 

and sintering techniques can be employed for electrode fabrication. The synthesis can be carried out 
using sol- gel and solid- state calcite processes which are relatively non- costly and simple. A mixture 
of Cu particles and polylactic acid (PLA) can be squeezed out into the filament of FDM [34]. After 
depositing the Cu blend composite, the model can be annealed to form a CuO electrode. Importantly, 
the heating and cooling steps during the annealing process should be maintained at a slow speed 
otherwise, it could lead to cracks due to the thermal stress. Although homogeneous, the 3D- shaped 
Cu particles presented a high rate of diffusion within the sintering process. After the conversion to 
CuO, the surface became rough leading to the formation of pores somewhat like foams. The physical 
characteristics of this outcome such as stiffness, strength of the compression, and the ratio of mass 
over volume were lower than Cu- blend composite. Also, the usage of high- temperature sintered 
CuO presented moderately low resistance to electric current. Moreover, the photosensitive features 
of the final 3D- printed product were determined through the results of the photoluminescence and 
UV- visible absorption techniques.

MOs have become a promising class of electrode materials for synthesizing EES devices due to 
their properties while nanocomposite MOs are mostly used to overcome the limitations of the single 
TMOs. The atomic arrangement, nanostructures, electrical conductivity, and vacancies of oxygen 
are some of the factors that contribute to the improvement of the physical and chemical properties 
of MOs for SCs. In addition, the bimetallic metal oxides are attractive as they present two metallic 
centers that often display better electrochemical properties compared to the single MO due to the 
synergy effect. For example, NiCo

2
O

4
 has better conductivity compared to NiO and Co

3
O

4
. Also, the 

morphology of NiCo
2
O

4
 is favorable to increasing the specific capacitance by reducing the charge 

FIGURE 15.6 (a) Use of IJP technique to obtain NiO electrodes for MSCs. (b) Reproducibility of IJP for the 
manufacture of NiO- based MSC. Adapted with permission [33]. Copyright (2019), Royal Society of Chemistry.
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resistance of EES devices. Also, the porous structure in nano MOs provides a high surface area. 
Through that, a larger number of ionized species can permeate within the structure which aids in the 
EDLC as well as pseudocapacitive behavior in MOs. However, MOs may display low electrochem-
ical stability as well as conductance. Hence, to address that, a common strategy is to incorporate 
carbon- based nanomaterials to provide improved properties such as electrical conductivity, specific 
capacitance, and rate capability [30].

Among the MOs, the composites of RuO
2
 have been extensively used as an idyllic capacitive 

compound for printing SCs because of their high capacitance even though it is a scarce, toxic, and 
expensive material. Printing RuO

2
- based SCs via 3D techniques can be considered a suitable pro-

cess. Fabricating the composites can enhance the utilization of RuO
2
 and reduce the manufacturing 

cost while increasing the electrochemical performance of the electrode because of the synergetic 
process between the additive component and RuO

2
. For instance, RuO

2
 can be combined with metal 

sulfides, MO, and carbon- based for the synthesis of electrode materials [29].
Another viable option lies in the compositing of MnO

2
, which is relatively cheap and can be 

synthesized through several methods. Through that, the properties such as the conductivity, sur-
face area, and cycling stability of MnO

2
 can be improved, which are inherently low. Therefore, 

the incorporation of various elements such as Au, Ag, Cu, Ni, Co, Fe, Al, Zn, Mo, and Sn into the 
MnO

2
 structure is an effective method to resolve these matters [32]. Carbonaceous materials such 

as CNTs, graphene, carbon nanowires (CNWs), and carbon nanofibers (CNFs) have excellent elec-
trical conductivity and stability with a large surface area and can be used as a platform for depositing 
MnO

2
 nanostructures [29]. As an example, Wenrui Cai et al. synthesized hollow N- doped carbon 

(HNC)@MnO
2
 composite which showed a good electrochemical, and retention capacity [35]. Lei 

et al. synthesized MnO
2
 nanosheets (MnO

2
 NS) over CNT (MnO

2
 NS@CNT) by CVD [36]. The 

nanocomposite exhibited a high specific capacitance of 574.4 F/ g and a longer lifespan, as a result 
of the correlation between MnO

2
 and conductible CNT networks. Here, charges are stored through 

the merging of the mechanisms of bilayer capacitance of CNTs and faradaic reactions of MnO
2.
 

Also, the magnitude of electric current increases through the development of repetition rate, and 
steady distributions of the CV curves which indicated the rapid degree of the ion migration within 
the MnO

2
@CNTs electrode.

Sunriyal and Bhattacharya fabricated a flexible asymmetric supercapacitor by using paper as 
substrate and GO- MnO

2
 nanocomposite via the IJP method [37]. One of the major challenges 

with using individual MnO
2
 is the limited potential window which leads to a decrease in energy 

density. A viable way to address this issue is to produce an asymmetric SCs by composing two dis-
similar materials as anode and cathode. SC was fabricated by grouping with a conducting pattern 
of GO- MnO

2
 nanocomposite ink on paper which acted as a positive electrode whereas the nega-

tive electrode was printed with stimulated carbon- based ink. In particular, the conducting region 
in flexible A4 sheets was developed with the deposition of reduced GO ink via the IJP method. 
Both printed electrodes were connected through a PVA- LiCl gel as the ion- rich source for making 
SCs (Figure 15.7). The composite showed a comparatively high energy density with high potential 
window flexibility, good cyclic stability, and high- rate capability.

Yao et al. designed a conductor for SCs composing graphene aerogel and MnO
2
 via the DIW pro-

cess [38]. A 3D platform suitable as a scaffold for pseudocapacitive materials was printed by using  
an ink filled with GO suspension and 5% hydroxypropyl methylcellulose. It was then freezedried  
to form aerogels. The conversion of GO into reduced GO (rGO) was performed through annealing  
under nitrogen gas. As a final step, MnO

2
 nanosheets were electrodeposited on the graphene aerogel  

lattice (Figure 15.8). The MnO
2
 was deposited uniformly on the exterior as well as interior regions  

of the lattice. This uniform layer provided good electro- conductivity of graphene aerogel and the  
efficient diffusion of electrolyte through the 3D- printed lattice. Overall, this composite exhibited  
excellent energy storage properties based on normalized volumetric, areal, and gravimetric capaci-
tance. The real capacitance enhances linearly with the weight of MnO

2
 and the thickness of the  
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electrode while the gravimetric capacitance was stable, illustrating that the capability of the capaci-
tance was not controlled by ion diffusion even at high mass loading.

Currently, composing MO with CNT became more popular in the application of EES devices. 
Generally, CNT- based inks can be obtained via the IJP which is a conventional printing method. 
Although MnO

2
 has a high theoretical capacitance of 1370 F/ g, its electric conductivity is poor. 

Therefore, the incorporation of MnO
2
 into flexible conductive CNT is a proper solution for fabri-

cating SCs by overcoming these limitations. For instance, the fabrication of two different electrodes 
including MnO

2
– Ag– MWCNTs as the anode and filtered multi- walled CNTs (MWCNTs) as the 

cathode via the DIW method gave a better electrochemical performance to the flexible energy 
storage devices [39].

Cobalt oxide- based materials such as Co
3
O

4
 can have their electrochemical properties improved 

through compositing as it possesses high theoretical capacitance but has drawbacks of low energy 
density and poor conductivity, which disturbs thecycling stability and rate capability. Co

3
O

4
 can 

be incorporated with carbon materials such as graphene, CNT, CNF, and amorphous carbon to 
increase electron and ions transportation. As another method, to improve the properties of SCs, 

FIGURE 15.8 3D printed graphene aerogel/ MnO
2
 composite for SCs. Adapted with permission [38]. 

Copyright (2019), Elsevier.

FIGURE 15.7 Inkjet- printed GO- MnO
2
 composite as pseudocapacitive electrodes for SCs. Adapted with 

permission [37]. Copyright (2017), American Chemical Society.
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nanostructured Co
3
O

4
 such as nanowires, nanospheres, nano- cubes, and nano- heterostructures can 

be prepared to improve the electrochemical performance by supplying the transfer routes for the 
ions and alternative active sites to promote the redox process [30], [40]. As an example, Tao Liu 
et al. introduced an active positive conductor for top- performance SCs by synthesizing a composite 
based on Co

3
O

4
 and N- doped carbon capsules named Co

3
O

4
/ NHCSs. Due to the high porosity, 

enhancement in conductivity, and a larger number of defects due to the doping of N, this com-
posite showed a better electrochemical performance compared to the single Co

3
O

4
 [41]. Li et al. 

synthesized 3D porous carbon (3DPC)/ Co
3
O

4
 composites by pyrolysis of 3D graphene/ CO- MO 

framework precursor for improved electrode material [40].
Furthermore, due to the low capacitance of tin oxide, it can be combined with other materials 

through doping or by compositing to increase the efficiency of the EES devices. Yan et al. [42] 
fabricated a composite by coating amorphous MnO

2
 on SnO

2
 nanowires (MWs). SnO

2
 was prepared 

using the CVD technique and MnO
2
 nanorods were fabricated using a solution- based method. 

Some of the advantages of the nanostructured composite were related to providing a shorter ion 
diffusion route to improve the reversible redox reaction of MnO

2
 by supplying a direct way to 

transfer electrons with high conductivity of SnO
2
 NWs while creating channels by SnO

2
 for the 

electrolyte transportation.
Solid- state (SS) SCs which are composed of rigid form components are optimized as cutting- 

edge EES devices for clothing applications. For instance, quasi- SS- MSCs have properties of high 
electron transmission rate and satisfactory stability, allowing their use as a power supply for port-
able and miniaturized devices. These types of SCs can be manufactured via IJP, SLS, and silicon- 
based molding methods. For example, an asymmetric MSC negative electrode was fabricated using 
G- MnO

2
 and a positive electrode was prepared using graphene- ferric oxyhydroxide (G- FeOOH) 

through a laser- induced process followed by electrodeposition [43]. The main challenge of this 
device was making this with high energy compactness, and cost- effectively. Shen et al. proposed a 
3D- manufacturing strategy of asymmetric MSC which was composed of a cathode and anode made 
with V

2
O

5
 and graphene– vanadium nitride quantum dots (G– VNQDs) with highly concentrated GO 

dispersions, respectively [43]. The V
2
O

5
 is a suitable material due to its high reduction- oxidation 

activity, and availability. On the other hand, vanadium nitride which was used as anode material has 
high pseudocapacitance with negative operating potential. Consequently, the cathode and anode inks 
were made by separately mixing V

2
O

5
 and VNQDs with high concentrated GO dispersions in equal 

portions. It is worth noting that, high viscosity and shear- thinning rheology made them suitable for 
use in the extrusion- based printing process for the fabrication of MSCs devices. As a preparation 
procedure, the dual- charged conducting inks were separately loaded onto the plungers and printed 
layer- wise on the finger- shaped contemporary collectors. Subsequently, vacuum freeze- drying was 
used to clear away the solvent to solidify the 3D- printed structures, and hydrazine hydrate was used 
as a reducing agent to reduce GO. As a final step, LiCl- PVA as a gel- like electrolyte was applied into 
arrays (Figure 15.9). It acted as an electric separator and provided wettability as an electrolyte while 
enhancing the performance of the printed MSCs. This device showed an excellent structural inte-
gration with substantial open macrospores which act as numerous channels for stimulating the high 
amount of weight flow rate per area (3.1 mg/ cm2) and a wide electrochemical potential of 1.6 V [43].

15.5.2  Metal oxide- Based 3d- Printed wearaBle suPercaPacitors

With the growing demand for EES devices, newly invented flexible and wearable SCs play an  
important role in smart homes, medical, and entertainment due to their properties of high power  
densities, flexibility, lightweight, easy integration, fast charge/ discharge rate, shape compatibility,  
and safety features. These wearable SCs can be fabricated using different active matters such as  
MOs, CPs, carbon- based materials, and other emerging materials such as titanium carbide. Within  
this line, textile- based SCs composed of MOs are further discussed. A schematic presentation of  
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flexible wearable devices based on ink formulations, printing methods, and integrated applications  
is shown in Figure 15.10.

There are numerous techniques for manufacturing wearable EES devices including 3D, screen, 
and transfer printing. Nowadays 3D printing has become more popular among other printing 
processes because of its advantages as mentioned above. IJP is one of the famous 3D- printing 
practices which are used for fabricating metal- based wearable SCs due to its sustainability, the pos-
sibility of production at desired scales, reasonable working temperature operation, low cost, and 
multi- purposed applications into objects with adjustable measurements at selected areas. In printing 

FIGURE 15.10 Schematic presentation of flexible wearable devices. Adapted with permission [44]. 
Copyright (2021), AIP Publishing.

FIGURE 15.9 Schematic representation of 3D printing of electrodes in asymmetric micro- supercapacitor. 
Adapted with permission [43]. Copyright (2018), John Wiley and Sons.
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SCs, some considerable factors such as the ability to bend in any direction without breaking, robust-
ness, long- term stability, and high energy capacity are required for practical applications of wear-
able EES devices. Therefore, the toner would have a definite resistance to fluid flow and internal 
friction to ensure the quality of the printing process. In addition, the radius of the components which 
are used as ink must be in the scope, which is around 50 times smaller than the printhead extent, to 
avoid the blockage of the nozzles. Moreover, some post- printing processes including annealing or 
film compression are carried out to enhance the quality and the performance of the printed devices, 
but they should be well suited to the printed resources considering the facts of material degradation, 
flexibility, and steadiness [28].

Flexible substrates including textiles, papers, and polymers play a vital role in the printing of flex-
ible SCs (FSCs). Some parameters such as the tendency of spreading, market price, the softness of 
the outward, and transparency are considered for large- scale production. These factors are changed 
with the mode of application. Some features such as permeability, capillary effect, direct deposition 
of ink deprived of any treatments, and defined thinness are important to consider. These properties 
can be applied or performed on paper as they are suitable as substrates for printing FSCs via IJP. 
On the other hand, polymers can be used as substrates for SCs due to their functional properties of 
uniform lucidity, aquatic resistance, and thermal stability. However, the wearing uncomfortability of 
polymers and papers limits their use as substrates for wearable devices. Therefore, it is important to 
make FSCs using textile substrate because of its benefits of luxury, lifetime, and narrowness [44]. In 
the next section, some innovations of textile- based SCs are discussed.

Different types of conductive constituents such as CNT, conductive polymers, and MO 
composites are used for the construction of fabric- based SCs. Usually, CNT is an ideal material for 
SCs due to its highly accessible surface area, high stability, high electrical conductivity, mechan-
ical flexibility, and low cost. Chen et al. synthesized CNT/ RuO

2
 NW SCs on fabrics using the IJP 

process that can be used as wearable devices. CNT thin- film electrodes can be produced in various 
methods such as roll- to- roll printing, Meyer rod coating methods, and IJP which has the capability 
of controlling geometry, conduction of electric current, homogeneity, depth of the layer, and design 
locations while printing are used. Herein, an off- the- shelf inkjet printer was used to synthesize the 
SWCNT films on the flexible substrates and cloth fabrics. The RuO

2
 NW synthesized through the 

CVD method was combined with SWCNT. The RuO
2
 can improve the performance of the SCs by 

composing with SWCNT as an electrode material due to its relevant physical characteristics of 
ultrahigh pseudocapacitance, conductibility, and ability in backward directions of exterior faradaic 
reactions [45].

In addition, Tang et al. developed a hybrid Fe
2
O

3
/ graphite/ Ag ink and squeezed out it into MSC 

conductors via the DIW for a 3D- based fabricating technique which showed excellent electrochem-
ical behavior and flexibility for wearable and portable electronic devices [46]. Typically, like other 
MOs, Fe

2
O

3
 has appreciable capacitance; however, it has low electrical conductivity. As a solution 

to this problem, it was mixed with conductive carbon to prepare printable toner with improved elec-
trical conductivity. In this sense, the poor electron transportation during the charge- discharge pro-
cess in Fe

2
O

3
 was enhanced by developing stable inks containing Fe

2
O

3
 nanoparticles, 2D G NSs, 

and 1D Ag NWs with the binder. Moreover, with the changes in ink formulations, the ideal MSCs 
with high areal capacitance, high energy density, and high flexibility can be obtained via the 3D- 
printing process.

Lin et al. synthesized planar SCs using unique hierarchical Ni@MnO
2
 nanocomposites via the IJP  

process. For that approach, Ni@MnO
2
 was deposited via electrochemical deposition on interdigitated  

metal finger arrays in flexible substrates which were printed through the IJP process. The fabrication  
method of printable planar SCs is schematically shown in Figure 15.11. Interdigitated finger elec-
trode arrays were inkjet printed on substrate using ink of Ag nanoparticle, and consequently, three-  
layer depositions were carried out as a thin gold (Au) layer on Ag electrodes, Ni nano- corals on Au,  
and pseudocapacitive MnO

2
 nano- flakes on top of the Ni layer. Finally, Ni@MnO

2
 conductors with a  
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larger exterior area were obtained and lithium acetate/ poly(vinyl acetate) (CH
3
COOLi/ PVA) gel was  

used as an electrolyte. The simplistic design of nano- coral arranged Ni@MnO
2
 on the electrodes  

with high active areas modified the activity of the SC excessively and this device can be easily fixed  
onto wearable substrates as an EES gadget. Especially, an acceptable amount of MnO

2
 deposition  

was required for energy storage. Excessive addition of this compound may decrease ion transporta-
tion and electric conductance. In wearable applications, flexibility is a key reason for designing  
EES tools and IJP is a suitable and profitable way for the fabrication of SCs to achieve the preferred  
design [47]. Overall, the integration of 3D- printing technologies like IJP, FDM, and DIW to produce  
EES devices, and other electronics applications on affordable flexible substrates might meaningly  
satisfy the necessity of manufacturing sustainable wearable items.

15.4  CONCLUSION AND PERSPECTIVE

The main goal of supercapacitors is energy storage without applying strain on the environment. 
Although carbon- based materials and CPs can be used as electrode materials, TMOs are promising 
electrode materials due to their high energy density, excellent specific capacitance, and better sta-
bility. Their properties can be further enhanced by making nanocomposites with other materials. 
Nanocomposites of MOs lead to enhancements in the electrochemical performances by overcoming 
the drawbacks of single TMOs including poor electric current transmission, low specific capaci-
tance, low steadiness in lifecycles, and small operating voltage. On the other hand, although the 
fabrication of electrodes is carried out by many traditional techniques such as spray deposition, 
CVD, ALD, LBL, sol- gel, etc., the 3D- printing process became popular due to better control in 
the geometry, thickness controllability, cost- effectiveness, along with environmental credentials. 
Thus, using 3D- printing technology to introduce flexibility can enhance power and energy density, 
range of applicability, and contribution to the development of wearable EES devices. Even though 
3D- printing technology is relatively new it allows for the fabrication of SCs with novel architec-
ture. When considering the use of 3D- printing techniques, most of the metal oxide- based SCs are 
fabricated via IJP, FDM, and DIW methods. Even though the printing techniques of the SCs have 
been evolving, some limitations remained. Some of these challenges are the displaying of poor 
energy storage because of the small extent and low quantity of weight usage of substances for 
conductors, the gradual decrease in the productivity of the electrode components without mixing 
of inactive additives or binders as an energetic agent, and the insufficient resolution of the printed 
SCs. Therefore, these issues should be resolved in the future to get the better electrochemical per-
formance of the 3D- printed SCs. It is also essential to select suitable inks or filament electrodes, 
electrolytes, and current collectors for the fabrication of SCs using 3D printing.

FIGURE 15.11 Schematic representation of 3D printed solid- state planar SCs with Ni@MnO
2
 nano- coral 

nanostructures. Adapted with permission [47]. Copyright (2017), John Wiley and Sons.

 

 

 

 



246 3D Printing: Fundamentals to Emerging Applications

REFERENCES

1  M. Guan, Q. Wang, X. Zhang, J. Bao, X. Gong, Y. Liu, Two- dimensional transition metal oxide and 
hydroxide- based hierarchical architectures for advanced supercapacitor materials, Front. Chem. 8 
(2020) 1– 14.

2  H. Li, L. Peng, Y. Zhu, X. Zhang, G. Yu, Achieving high- energy- high- power density in a flexible 
quasi- solid- state sodium ion capacitor, Nano Lett. 16 (2016) 5938– 5943.

3  X. Tian, J. Jin, S. Yuan, C.K. Chua, S.B. Tor, K. Zhou, Emerging 3D- printed electrochemical energy 
storage devices: A critical review, Adv. Energy Mater. 7 (2017) 1– 17.

4  Y. Gao, X. Guo, Z. Qiu, G. Zhang, R. Zhu, Y. Zhang, H. Pang, Printable electrode materials for 
supercapacitors, ChemPhysMater. 1 (2022) 17– 38.

5  C. Zhong, Y. Deng, W. Hu, J. Qiao, L. Zhang, J. Zhang, A review of electrolyte materials and 
compositions for electrochemical supercapacitors, Chem. Soc. Rev. 44 (2015) 7484– 7539.

6  R.K. Gupta, Organic Electrodes: Fundamental to Advanced Emerging Applications, Springer 
Nature, 2022.

7  S. Bhoyate, P.K. Kahol, R.K. Gupta, Nanostructured materials for supercapacitor applications, in: P.J. 
Thomas, N. Revaprasadu (Eds.), Nanosci. Vol. 5, The Royal Society of Chemistry, 2019: pp. 1– 29.

8  F. Zhang, M. Wei, V.V. Viswanathan, B. Swart, Y. Shao, G. Wu, C. Zhou, 3D printing technologies for 
electrochemical energy storage, Nano Energy. 40 (2017) 418– 431.

9  M. Cheng, R. Deivanayagam, R. Shahbazian- Yassar, 3D printing of electrochemical energy storage 
devices: A review of printing techniques and electrode/ electrolyte architectures, Batter. Supercaps. 3 
(2020) 130– 146.

10 X. Chen, J. Zhang, B. Zhang, S. Dong, X. Guo, X. Mu, B. Fei, A novel hierarchical porous 
nitrogen- doped carbon derived from bamboo shoot for high performance supercapacitor, Sci. Rep. 7 
(2017) 1– 11.

11 L. Zhou, C. Li, X. Liu, Y. Zhu, Y. Wu, T. van Ree, Metal Oxides in Supercapacitors, Elsevier 
Inc., 2018.

12 J. Choi, T. Wixson, A. Worsley, S. Dhungana, S.R. Mishra, F. Perez, R.K. Gupta, Pomegranate: An 
eco- friendly source for energy storage devices, Surf. Coatings Technol. 421 (2021) 127405.

13 H.S. Using, P. Kahol, R. Gupta, Waste coffee management: Deriving nitrogen- doped coffee- derived 
carbon, C. 5 (2019) 44.

14 S. Bhoyate, C.K. Ranaweera, C. Zhang, T. Morey, M. Hyatt, P.K. Kahol, M. Ghimire, S.R. Mishra, 
R.K. Gupta, Eco- friendly and high performance supercapacitors for elevated temperature applications 
Using Recycled Tea Leaves, Glob. Challenges. 1 (2017) 1700063.

15 C.K. Ranaweera, P.K. Kahol, M. Ghimire, S.R. Mishra, R.K. Gupta, Orange- peel- derived 
carbon: Designing sustainable and high- performance supercapacitor electrodes, C. 3 (2017) 25.

16 C. Zequine, C.K. Ranaweera, Z. Wang, P.R. Dvornic, P.K. Kahol, S. Singh, P. Tripathi, O.N. 
Srivastava, S. Singh, B.K. Gupta, G. Gupta, R.K. Gupta, High- performance flexible supercapacitors 
obtained via recycled jute: Bio- waste to energy storage approach, Sci. Rep. 7 (2017) 1– 12.

17 C. Zequine, C.K. Ranaweera, Z. Wang, S. Singh, P. Tripathi, O.N. Srivastava, B.K. Gupta, 
K. Ramasamy, P.K. Kahol, P.R. Dvornic, R.K. Gupta, High per formance and flexible 
supercapacitors based on carbonized bamboo fibers for wide temperature applications, Sci. Rep. 
6 (2016) 1– 10.

18 E. Mitchell, J. Candler, F. De Souza, R.K. Gupta, B.K. Gupta, L.F. Dong, High performance 
supercapacitor based on multilayer of polyaniline and graphene oxide, Synth. Met. 199 (2015) 
214– 218.

19 J. Choi, T. Ingsel, D. Neupane, S.R. Mishra, A. Kumar, R.K. Gupta, Metal- organic framework- 
derived cobalt oxide and sulfide having nanoflowers architecture for efficient energy conversion and 
storage, J. Energy Storage. 50 (2022) 104145.

20 K. Thompson, J. Choi, D. Neupane, S.R. Mishra, F. Perez, R.K. Gupta, Tuning the electrochemical 
properties of nanostructured CoMoO

4
 and NiMoO

4
 via a facile sulfurization process for overall water 

splitting and supercapacitors, Surf. Coatings Technol. 421 (2021) 127435.
21 M.A.A. Mohd Abdah, N.H.N. Azman, S. Kulandaivalu, Y. Sulaiman, Review of the use of transition- 

metal- oxide and conducting polymer- based fibres for high- performance supercapacitors, Mater. Des. 
186 (2020) 108199.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



247Recent Progress in 3D-Printed Metal Oxides Based Materials 

22 G. Wang, L. Zhang, J. Zhang, A review of electrode materials for electrochemical supercapacitors, 
Chem. Soc. Rev. 41 (2012) 797– 828.

23 T. Chu, S. Park, K. Fu, 3D printing- enabled advanced electrode architecture design, Carbon Energy. 
3 (2021) 424– 439.

24 V. Egorov, U. Gulzar, Y. Zhang, S. Breen, C. O’Dwyer, Evolution of 3D printing methods and 
materials for electrochemical energy storage, Adv. Mater. 32 (2020) 1– 27.

25 T. Abudula, R.O. Qurban, S.O. Bolarinwa, A.A. Mirza, M. Pasovic, A. Memic, 3D printing of metal/ 
metal oxide incorporated thermoplastic nanocomposites with antimicrobial properties, Front. Bioeng. 
Biotechnol. 8 (2020) 1– 8.

26 A.S.K. Kiran, J.B. Veluru, S. Merum, A.V Radhamani, M. Doble, T.S.S. Kumar, S. Ramakrishna, 
Additive manufacturing technologies: An overview of challenges and perspective of using 
electrospraying, Nanocomposites. 4 (2018) 190– 214.

27 I.J. Gómez, N. Alegret, A. Dominguez- Alfaro, M. Vázquez Sulleiro, Recent advances on 2D Materials 
towards 3D Printing, Chemistry (Easton). 3 (2021) 1314– 1343.

28 T.T. Huang, W. Wu, Scalable nanomanufacturing of inkjet- printed wearable energy storage devices, 
J. Mater. Chem. A. 7 (2019) 23280– 23300.

29 R. Liang, Y. Du, P. Xiao, J. Cheng, S. Yuan, Y. Chen, J. Yuan, J. Chen, Transition metal oxide electrode 
materials for supercapacitors: A review of recent developments, Nanomaterials. 11 (2021) 1248.

30 C. An, Y. Zhang, H. Guo, Y. Wang, Metal oxide- based supercapacitors: progress and prospectives, 
Nanoscale Adv. 1 (2019) 4644– 4658.

31 Y. Zhao, Q. Zhou, L. Liu, J. Xu, M. Yan, Z. Jiang, A novel and facile route of ink- jet printing to thin 
film SnO

2
 anode for rechargeable lithium ion batteries, 51 (2006) 2639– 2645.

32 D.P. Dubal, N.R. Chodankar, P. Gomez- Romero, D.- H. Kim, Fundamentals of Binary Metal Oxide– 
Based Supercapacitors, Elsevier Inc., 2017.

33 P. Giannakou, M.G. Masteghin, R.C.T. Slade, S.J. Hinder, M. Shkunov, Energy storage on 
demand: ultra- high- rate and high- energy- density inkjet- printed NiO micro- supercapacitors, J. Mater. 
Chem. A. 7 (2019) 21496– 21506.

34 A. Salea, R. Prathumwan, J. Junpha, K. Subannajui, Metal oxide semiconductor 3D 
printing: Preparation of copper(II) oxide by fused deposition modelling for multi- functional semi-
conducting applications, J. Mater. Chem. C. 5 (2017) 4614– 4620.

35 W. Cai, R.K. Kankala, M. Xiao, N. Zhang, X. Zhang, Three- dimensional hollow N- doped ZIF- 8- 
derived carbon@MnO

2
 composites for supercapacitors, Appl. Surf. Sci. 528 (2020) 146921.

36 R. Lei, J. Gao, L. Qi, L. Ye, C. Wang, Y. Le, Y. Huang, X. Shi, H. Ni, Construction of MnO
2
 

nanosheets@graphenated carbon nanotube networks core- shell heterostructure on 316L stainless 
steel as binder- free supercapacitor electrodes, Int. J. Hydrogen Energy. 45 (2020) 28930– 28939.

37 P. Sundriyal, S. Bhattacharya, Inkjet- printed electrodes on A4 paper substrates for low- cost, 
disposable, and flexible asymmetric supercapacitors, ACS Appl. Mater. Interfaces. 9 (2017) 
38507– 38521.

38 B. Yao, S. Chandrasekaran, J. Zhang, W. Xiao, F. Qian, C. Zhu, E.B. Duoss, C.M. Spadaccini, M.A. 
Worsley, Y. Li, Efficient 3D printed pseudocapacitive electrodes with ultrahigh MnO

2
 Loading, Joule. 

3 (2019) 459– 470.
39 S. Wang, N. Liu, J. Tao, C. Yang, W. Liu, Y. Shi, Y. Wang, J. Su, L. Li, Y. Gao, Inkjet printing of con-

ductive patterns and supercapacitors using a multi- walled carbon nanotube/ Ag nanoparticle based 
ink, J. Mater. Chem. A. 3 (2015) 2407– 2413.

40 S. Li, K. Yang, P. Ye, K. Ma, Z. Zhang, Q. Huang, Three- dimensional porous carbon/ Co
3
O

4
 composites 

derived from graphene/ Co- MOF for high performance supercapacitor electrodes, Appl. Surf. Sci. 503 
(2020) 144090.

41 T. Liu, L. Zhang, W. You, J. Yu, Core– shell nitrogen- doped carbon hollow spheres/ Co
3
O

4
 nanosheets 

as advanced electrode for high- performance supercapacitor, Small. 14 (2018) 1– 8.
42 J. Yan, E. Khoo, A. Sumboja, P.S. Lee, Facile coating of manganese oxide on tin oxide nanowires 

with high- performance capacitive behavior, ACS Nano. 4 (2010) 4247– 4255.
43 K. Shen, J. Ding, S. Yang, 3D printing quasi- solid- state asymmetric micro- supercapacitors with 

ultrahigh areal energy density, Adv. Energy Mater. 8 (2018) 1– 7.
44 J. Liang, C. Jiang, W. Wu, Printed flexible supercapacitor: Ink formulation, printable electrode 

materials and applications, Appl. Phys. Rev. 8 (2021) 021319.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



248 3D Printing: Fundamentals to Emerging Applications

45 P. Chen, H. Chen, J. Qiu, C. Zhou, Inkjet printing of single- walled carbon nanotube/ RuO
2
 nanowire 

supercapacitors on cloth fabrics and flexible substrates, Nano Res. 3 (2010) 594– 603.
46 K. Tang, H. Ma, Y. Tian, Z. Liu, H. Jin, S. Hou, K. Zhou, X. Tian, 3D printed hybrid- dimensional 

electrodes for flexible micro- supercapacitors with superior electrochemical behaviours, Virtual Phys. 
Prototyp. 15 (2020) 511– 519.

47 Y. Lin, Y. Gao, Z. Fan, Printable fabrication of nanocoral- structured electrodes for high- performance 
flexible and planar supercapacitor with artistic design, Adv. Mater. 29 (2017) 1– 8.

 

 

 

 



249DOI: 10.1201/9781003296676-16

16 3D- Printed MXenes 
for Supercapacitors

Dipanwita Majumdar1*, Padma Sharma2, and    
Niki Sweta Jha2

1Department of Chemistry, Chandernagore College, Strand Road, 
Barabazar, Chandannagar, Hooghly, Pin- 712136, West Bengal, India
2Department of Chemistry, National Institute of Technology,   
Patna –  800005, Bihar, India
*Corresponding author: wbesdmajumdar@gmail.com

CONTENTS

16.1 Introduction ........................................................................................................................249
16.1.1 3D- Printing Technique in Supercapacitor Technology ........................................249
16.1.2 Criteria of Inks Formulations in 3D- Printing Technology ..................................251

16.2 MXenes in the Fabrication of 3D- Printed Supercapacitors ...............................................252
16.2.1 Why Are MXenes Special in Supercapacitor Technology? .................................252
16.2.2 Role of MXenes in Fabricating 3D- Printed Supercapacitors ..............................253
16.2.3 Chemical Stability and Storage of MXenes Inks for 3D Printing .......................253
16.2.4 Factors Affecting the Rheology of MXene Inks for 3D Printing ........................254
16.2.5 Formulation of Additive- Free MXene Inks for 3D Printing ................................257
16.2.6 Printing and Patterning of MXene Inks on Various Substrates for   

Flexible Supercapacitors ......................................................................................257
16.3 Conclusion and Prospects ..................................................................................................259
Acknowledgment ...........................................................................................................................260
References ......................................................................................................................................260

16.1  INTRODUCTION

For the last two decades, scientists and technologists have been continuously engaged in developing 
renewable, sustainable, and eco- friendly benign electronic gadgets that can efficiently store and trans-
form energy to address the critical issues of the global electrical power crisis and environmental pollution 
problems [1]– [2]. Side by side, the advancements of the Internet of Things (IoT) have extensively 
promoted the use of flexible and wearable devices in almost every sector of today’s society [3]– [4]. These 
very concerns have set up huge challenges in devising eco- compatible, flexible, high- performing elec-
trochemical energy storage (EES) units in the form of supercapacitors to provide uninterrupted power 
support as well as revolutionize their applications in portable electronic gadgets, electric automobiles, 
and emergency power supplies in biomedical, astronomical and in almost all important domains of prac-
tical day to day needs [5]– [8]. This realizations have triggered proficient employment of 3D printing 
technology in fabricating smart and diligent electronic gadgets in the recent years.

16.1.1  3d- Printing technique in suPercaPacitor technology

The advancement of fabrication technology has urged the manufacturing of smart, slender, and low- 
dimensional, highly sophisticated integrated ‘on- chip’ flexible microsupercapacitors with maximized 
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areal and volumetric yields within limited footprint areas, through proper choice of electrode materials 
and 3D device architectural designing, ensuring ultrasmooth interfaces for improved electron/ ion 
transport properties across the electrodes as well as decent geometrical flexibility to withstand the 
imposed mechanical stress, with minimum maintenance demand while undergoing long and non- 
stop operative periods [9]– [11]. In this context, the 3D- extrusion printing technique has been widely 
adopted as it is an inexpensive and versatile procedure, mostly relying on three- axis motion steps to 
create well- distinct periodic geometries vide layer- by- layer stacking strategy. This popular method 
involves the deposition of inks in the colloidal form in a layer- by- layer or additive manner onto a 
chosen substrate by extruding them vide a nozzle to develop 3D objects or patterns, as indicated in 
steps 1– 3 in the inset of Figure 16.1a [12]. High viscous inks are essential to maintain the 3D- printed 
construction without any damage or collapse. The morphology of 3D- printed systems on various 
substrates is needed to solidify immediately for promoting precise and rapid prototyping patterns.

It has been well perceived that the scalable fabrication of such high- performance 3D energy storage  
and conversion devices is a very challenging task in reality. Nonetheless, simple and cost- effective  
methodologies with improved 3D- printing quality boosted by component placement, and good elec-
trical interconnections are very necessary to enjoy the smart integration of electronic components  
using flexible supercapacitors to yield highly sophisticated automated gadgets [13]– [15]. The additive 
3D- printing technology ensures the production of various geometries with controlled tuning on  
lateral extension and thickness on diverse curved and flexible substrates like plastic, paper, fabrics,  
ceramics, etc., with a high extent of compatibility, guaranteeing modulated composition, curtailing  
unwanted material wastage besides improving physical features of 3D- printed devices in an optimal  

FIGURE 16.1 (a) Schematic presentation of steps involved in the 3D extrusion printing process involving 
ink flow through the syringe barrel and nozzle. Insets-  1, 2, and 3 show ink ejection from the nozzle, deposition 
onto the substrate, and formation of self- standing structure respectively. Adapted with permission [12], 
Copyright: The Authors, some rights reserved; exclusive licensee [Royal Society of Chemistry]. Distributed 
under a Creative Commons Attribution License 4.0 (CC BY). (b) (i) Optical image of electrode slurry matter 
printed on the top of the silver paint used to frame 3D printed microsupercapacitor and (ii) optical image 
of a complete 3D printed microsupercapacitor. Adapted with permission [15], Copyright (2017), Elsevier. 
(c) Schematically illustrated components and rheology properties of printing ink that embrace the major 
components like electrode materials, additives, binder, and solvents of printable inks. (d) Graphical (qualitative) 
representation of the general relationship between ink viscosity and thickness of the deposited layers in different 
printing techniques. (e) Graphical (qualitative) response of shear rate with the viscosity of different ink fluids. 
(f) Variation of Reynolds and Weber’s Numbers required for printing performances. Adapted with permission 
[6], Copyright (2022), AIP Publishing.
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economic approach. Such programmable designs using this technique would surely increase ion  
accessibility rates as well as evade undesired mechanical and morphological constraints produced as  
a result of structural disintegration of the electrodes during large cycling processes, thereby cumula-
tively upgrading the electrochemical as well as mechanical performances integrally. Hence lies  
the inevitability of designing strategies for fabricating printable inks composed of highly flexible,  
decent conducting, and electrochemically active electrode materials to satisfy the ideal foundation  
of smart and diligent printed ‘on- chip’ microsupercapacitors, as reflected through the optical images  
provided in Figure 16.1b respectively [15].

The popular printable functional inks required for the above procedure, as delineated in 
Figure 16.1c, mostly comprise of electro- active components, binding agents, and additives 
suspended together in dispersible solvents. The binders and additives ensure ink flowability and 
stability [16]. Moreover, they often also promote the formation of the conductive and porous 
structures to expose more electroactive sites besides augmenting ink’s viscosity and printing pli-
ability. However, such additions frequently lead to a fall in the electrical conductivity and alteration 
in intrinsic rheological and mechanical properties, and accordingly, binder- free inks are nowadays 
vastly encouraged [17].

16.1.2  criteria of inks forMulations in 3d- Printing technology

Currently, researchers are targeting to explore simple and novel ink formulations, ensuing large 
mass loadings of electro- active materials, binder- free and non- additive compositions, to obtain 
high conducting, well- dispersed, eco- friendly inks with minimum post- processing requirements, 
to achieve high- class, large- scale printed supercapacitors with the remarkable electrochemical 
response and maximum energy density [6]. By general definition, a printable ink can be well 
extruded as a continuous filament through a particular nozzle, to figure out different structures very 
much resembling the digital model. Particularly, the ink should be smooth flowing, without creating 
bulky and solid agglomerates which may otherwise clog the nozzle. From a rheological perspective, 
as highlighted in Figure 16.1d– f respectively, the shear thinning behavior of the ink (i.e., decreasing 
viscosity with rising shear rate) is usually chosen to meet these criteria [6]. Figure 16.1d depicts the 
different viscosity demands for various printing techniques following the order inkjet printing (low) 
< gravure printing (medium) < screen printing (high).
As evident, compared to other printing approaches, in the 3D technique, the employed ink viscosity 
ranges around 0.03– 6 × 104 Pa s. The ejecting ink must rapidly emerge as a shear- thinning fluid and 
then after deposition must immediately solidify to retain its shape. The printable ink should there-
fore possess good rheological properties, with remarkable shear- thinning and viscoelastic features, 
which would enable shape- retaining characteristics with each layer as well as sufficient fluidity for 
strong substrate and interlayer adhesion. Such factors can be effectively tuned through the appro-
priate choice of additives, binder materials, and solvents as well as the chemical nature and struc-
tural features of the employed active material used for the ink formulation.

The commonest rheological tests involve flow ramps that are used to determine the shear thinning 
gradation of inks. Besides, the oscillatory tests are employed to evaluate the yield stress and visco-
elastic properties of inks at rest. Accordingly, Figure 16.1e focuses on the behavior of different kinds 
of fluids; signifying the fact that Newtonian fluids with small surface tension (25– 50 mN m- 1) favor 
formulating fine droplets from the nozzles for efficient printing. Further, for the formation of ink 
droplets for effective printing, two important parameters are observed, known as Reynolds Number 
and Weber Number, respectively [6]:

 (Reynolds Number) R
e
 =  dνρ/ η (16.1)

 (Weber Number) W
e
 =  ν2dρ/ σ (16.2)
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where, the symbols indicate the density (ρ), velocity (ν), nozzle diameter (d), viscosity (η), and sur-
face tension (σ) of the printable inks respectively. Thus, Figure 16.1f shows the dependence of the 
Reynolds Number with the Weber Number, thereby outlining the necessary conditions for effective 
printability of the formulated inks [6].

Another important parameter that is essential to determine for ensuing shape reliability of printed 
electrodes is the storage modulus of the ink. It is dependent on the length of the spanning element, 
diameter, and specific weight of the ink. The elastic modulus (G′) delivers evidence of the rigidity 
and nature of the particle networks that comprise the studied system. On the contrary, the viscous 
modulus (G”) measures the degree of readiness at which an imposed stress on the system gets 
relaxed. Thus, the ratio of storage modulus (G’) and the viscous modulus (G”) is monitored as a 
function of applied stress to understand the degree of the brittleness of the formulated ink and can 
be correlated with its printability [12].

Again, for attaining fine- resolution printing, stable jetting of MXene inks is a must which is 
indicated by the inverse Ohnesorge number (Z). It measures the figure of merit of stable drop forma-
tion, given by: Z =  (γρD/ η9) 1/ 2, where Z is related to the surface tension (γ), viscosity (η), density (ρ), 
and nozzle diameter (D) parameters respectively. Accordingly, the value reported for ethyl alcohol- 
MXene ink (Z~2.6), DMSO- based (Z~ 2.5), and NMP (Z~ 2.2) based MXene inks afford in high- 
quality 3D inkjet printing [18].

16.2  MXENES IN THE FABRICATION OF 3D- PRINTED SUPERCAPACITORS

16.2.1  why are Mxenes sPecial in suPercaPacitor technology?

Inspired by the compliant features of recently developed 2D- layered nanomaterials, such as 
graphene, MoS

2
, and various similar transition metal dichalcogenides, borides, phosphides, nitrides, 

carbonitrides, carbides, etc., the study of MXenes is also rapidly emerging as a very interesting and 
prosperous class of layered materials, because of their versatile tunable physical and chemical prop-
erties, as indicated in Figure 16.2a [19].

They are transition metal carbides and nitrides having the general formula M
a+ 1

X
a
T

b,
 where the  

value of a =  1, 2, or 3, M indicates an early transition metal (Ti, Cr, V, etc.), X denotes carbon and/  
or nitrogen, while T

b
 indicates nature and number of surface functional groups (- O, - OH, and - F),  

correspondingly, latter remaining arbitrarily spread over the surfaces of the 2D flakes. They exhibit  
an attractive amalgamation of physicochemical properties including ultrafast electrical charge trans-
portation, outstanding electrochemical behavior, and superior hydrophilic character which make  

FIGURE 16.2 (a) Schematic presentation of some versatile features of MXenes. Adapted with permission 
[19], Copyright (2019), Elsevier. (b) General steps for fabricating 3D printed supercapacitors with MXene- 
based inks.
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them, a versatile group of solids for framing multifunctional flexible microsupercapacitors for  
vivid functions [20]– [21]. The literature survey discloses that the pseudocapacitive performance  
of Ti

3
C

2
T

x
 was initially explored using freestanding and binder- free film electrodes, demonstrating  

remarkable volumetric capacitances (300−400 Fcm- 3), utterly beyond the electrochemical responses  
of analogous 2D carbon nanomaterials exhibiting typical electrical double- layer capacitors [22].  
Later, a higher degree of improved performances of Ti

3
C

2
T

x
 electrodes through further modifications,  

hybridization with other nanomaterials, and controlled engineering have remarkably elevated the  
volumetric capacitances to a value as high as ∼1500 Fcm- 3 for pristine and ~1682 Fcm- 3 for con-
ductive polymers hybrid systems, respectively [23]– [24].

16.2.2  role of Mxenes in faBricating 3d- Printed suPercaPacitors

Rigorous and systematic investigations have un- curtained several versatile, exciting and unique struc-
tural, mechanical, and electronic features of MXenes that make them particularly suitable as printable 
inks for patterning and coating technology [25]– [29]. The synthesis tunability allows the liberty of 
designing MXene fragments to retain optimum hydrophilicity owing to the availability of adequate 
surface functional moieties that can readily form stable and homogeneous colloidal dispersions in 
numerous aqueous and non- aqueous solvents [30]– [31]. Consequently, in Figure 16.2b, generalized 
steps have been proposed for establishing MXenes- based complex 3D architectures and multifa-
ceted utilities via printing/  patterning via an easily adaptable procedure to promote scalable, reprodu-
cible, and economic designing methodology in the true sense, and accordingly, researchers exploring 
MXenes should fundamentally thrust more on the synthesis particularly taking place during the 
etching and delamination stages, modification, and application process sequences.

The chemical nature of MXene surfaces greatly impacts the kinetic and thermodynamic sta-
bility of the ink and printing process. The hydrophilicity, delamination, and oxidation of MXenes 
are largely guided by the nature of surface functionalization present therein in the MXene system 
[32]. The proportion of the surface terminations is largely related to the etching process and reac-
tion conditions, while the degree of MXene flakes oxidation varies with the delamination process 
and post- synthesis treatment procedures. These surface functional moieties contribute to negative 
zeta potentials and thus, dictate the hydrophilicity of MXenes layers. Such characteristics result in 
the formation of stable dispersions of MXene flakes in absence of external stabilizing agents and/ 
or rheology modifiers, which is very decisive for easy and smooth printing of MXenes inks [33].

16.2.3  cheMical staBility and storage of Mxenes inks for 3d Printing

Recent reports reveal that the aqueous suspensions of MXenes display very good dispersion sta-
bility [32]. However, detailed investigations have exposed the fact that the dissolved oxygen in an 
aqueous medium often leads to chemical oxidation of delaminated single/  few- layered MXenes 
which triggers structural collapse and overall deterioration of the formulated MXene inks [33]– [34]. 
Such phase transformation and structural deformation owing to oxide formation also get accelerated 
at elevated temperatures or on light exposure. Thus, elimination of the dissolved oxygen in an 
aqueous medium by purging with inert gases such as dinitrogen or argon can effectively suppress 
oxidation. Even so, not only dissolved oxygen, but the water itself also oxidizes MXenes, and thus 
this chemical instability may be considerably controlled via refrigeration [35]. Thus, for storage of 
MXene inks for a longer time duration, it is currently a popular upcoming practice to keep them 
inside argon- sealed, non- transparent vials, devoid of light and under refrigeration which has yielded 
successful results considerably [36].

Nonetheless, irrespective of the above- mentioned precautions, the long- term storage of MXenes 
can be substantially improved through storage in a non- aqueous medium (for several months) and has 
been rightly encouraged in recent times [37]. While often to evade MXenes oxidation, filtration of the 
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suspensions and subsequent storage in the form of dried and desiccated films under vacuum has been 
the other effective option. However, such a drying process often leads to delaminated- nanosheets 
restacking, analogous to various other 2D materials like graphenes, layered metallic chalcogenides, 
etc., especially when exposed to elevated temperatures. In another strategy as reported by Zhao et al. 
for retarding the restacking of MXenes in suspensions, antioxidants like sodium l- ascorbate have 
been used to escape the degradation of Ti

3
C

2
T

x
 even in the dissolved oxygen- containing aqueous 

medium [38]. Hence, sodium l- ascorbate interacts with the positively charged surface terminals of 
the MXene flakes, thus curbing the reactive MXene edges from reacting with water or dissolved 
dioxygen molecules, thereby comprehensively increasing the stability to an appreciable extent [31]. 
Besides, the high reactivity of MXene flakes can also be restricted through the involvement of large- 
sized polyanions like polyphosphates, polyborates, and polysilicates, which successfully curbs away 
the sites and thus, suppresses the oxidation of MXene flakes, thus stabilizing aqueous dispersion for 
about one month. Therefore, the unrequired post- treatment advantages, as well as cost- effectiveness 
of polyanionic salts, have promoted their usages in the scalable production of long- term stable 
MXene inks admirably [39].

Even the solvent and MXene interactions are vital to determine the relative stability of the 
dispersed inks [40]– [41]. To illustrate, the stability of 50% HF etched Ti

3
C

2
T

x
 MXene has been 

subjected to qualitative assessment by observing the nature of solvents that offer stable dispersions 
versus those which promote MXene agglomeration and precipitation over the experimental time-
line as reflected in Figure 16.3a [42]. It was perceived that out of the several studied ones, the less 
polar, hydrophobic organic solvents offered negligible dispersions just after sonication, the trend 
thus following the declining polarity of organic solvents from 1,2- dichlorobenzene to hexane cor-
respondingly when studied for one day and subsequently for four days standing duration. Even it 
has been observed that MXenes with large lateral dimensions promote multiple solvent−nanosheet 
interactions that facilitate better stability of the dispersion due to minimum loss on breaking 
solvent−solvent interactions [42].

16.2.4  factors affecting the rheology of Mxene inks for 3d Printing

Observation of the rheological responses of the MXene suspensions is a vital aspect of evolving 
high- quality MXene inks. [40], [41] The rheological features of MXene inks are demarcated by the 
physical response of MXenes under applied stress, which guides the choice of printing technique, 
reproducibility, and the quality of printed patterns. It is important to note that different printing/ 
coating techniques adopt different rheological requirements of inks. For instance, extrusion 3D 
printing involves viscous paste while screen printing/ inkjet printing is manageable with a low/ 
moderate concentration of ink dispersion. Thus, the fluidity of ink is defined by the variation of 
its viscosity (η) with shear rate. Figure 16.3b– c shows the variation of viscosity as a function of 
shear rate for monolayered and multi- layered MXene flakes dispersions, respectively, as a function 
of concentrations (mg/ mL) and corresponding volume fractions (ϕ). The key difference between 
the above two studied systems stands to be the effect of shear on the viscosity at high shear rates 
(γ = 100 s- 1). At low shear rates (γ =  0.01 s- 1), both systems showed a greater than four orders of 
magnitude rise in viscosity with increasing solid loading (ϕ). But at high shear rates (γ = 100 s- 1), 
the monolayered dispersions exhibited a variance of a factor of four only, while the multi- layered 
inks still maintained a difference of three orders of magnitude between the highest (70 wt %) and 
lowest (10 wt %) concentrations. Therefore, the above study affirms that the number of MXene 
layers can modify the viscosity factors of the inks significantly. The authors further disclosed that 
monolayered- Ti

3
C

2
T

x
 inks of high concentrations possess suitable rheology for extrusion printing as 

also reflected by their G’/ G” ratio being higher than ~2, exhibiting gel- like behavior [40].
In another systematic study, variation of the surface tension in different dispersing solvents has  

also been projected. Thus, lately, a combination of organic N- methyl- 2- pyrrolidone and ethanol  
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was employed for Ti
3
C

2
T

x
 MXene ink preparation to augment the surface tension and accordingly  

succeeded in improving the printing resolution significantly [27]. Water is the most commonly used  
dispersion medium for Ti

3
C

2
T

x
 that exhibited a surface tension of 72 mNm- 1 , signifying that Ti

3
C

2
T

x
  

may want solvents with surface tensions of at least > 40 mNm- 1 to procure stable colloidal solution,  
as reflected in Figure 16.4a. This ensures decent matching of the surface tension between inks and  
substrates for good pattern printing.

Additionally, solvent characteristics such as boiling points, molecular weights, viscosity, surface 
tension, polarity, etc., are equally vital for the formulation of good quality MXene inks with excel-
lent rheological parameters. Thus, in Figure 16.4b, the variation of the concentration of Ti

3
C

2
T

x
 

against the boiling point of the solvents infer that the less volatile solvents are more effective in 
dispersing Ti

3
C

2
T

x
 in general [42]. Moreover, solvent molecular weight (Figure 16.4c) can like-

wise be to some extent correlated with MXene dispersion concentration, although the relation is 
quite poor in general but can be enhanced if some of the poor solvents such as hexane, toluene, and 
dichlorobenzene, water, etc., are excluded [35]. The relation between the viscosity of the solvent 

FIGURE 16.3 (a) Dispersions of 50% HF- etched Ti
3
C

2
T

x
 in the twelve enlisted solvents. Time points of 

just after sonication (top), 1 day after sonication (middle), and 4 days after sonication (bottom) were used to 
monitor stability. Adapted with permission [42], Copyright (2017), American Chemical Society. (b) Variation 
of viscosity with the shear rate for monolayered MXenes (c) Variations of viscosity with the shear rate for 
multi- layered MXenes. Both (b) and (c) are adapted with permission [40], Copyright (2018), American 
Chemical Society.
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FIGURE 16.4 Variation of MXene concentrations in dispersions plotted against different solvent 
properties: (a) surface tension, (b) boiling point of the solvent, both graphs fitted using Boltzmann functions 
with the equations as shown within the insets, (c) Variation of concentration with solvent molecular weight (g/ 
mol), graph fitted linearly not including the outlier solvents –  water and nonpolar solvents (toluene, hexane, and 
dichlorobenzene), and (d) Variation of solvent viscosity with concentrations also fitted linearly excluding the 
solvents like DCB, DMF, and water. Here, the asterisk on data points signifies “good/  well dispersed” solvents. 
(e) Variation of Ti

3
C

2
T

x
 concentration with respect to the solvent dielectric constant, with linear fitted plot and 

(f) Variation of Ti
3
C

2
T

x
 concentration against solvent polarity index. Adapted with permission [42], Copyright 

(2017), American Chemical Society.
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and the dispersion stability is also crucial. In general, solvents with high viscosity offer large kin-
etic dispersion stability, obviously different from true thermodynamic dispersion stability, but may 
be extremely advantageous for storage and applications which necessitate the projection of the 
nanomaterial through a nozzle, for instance, in printing, where the viscous nature of the solvent 
promotes the formation of precise droplets of the material to be printed, or in the spray coating 
where the homogeneous flow of the nanosheets is extremely essential. As depicted in Figure 16.4d, 
apart from DMF, water, and DCB solvents, in general, a linear correlation of dispersion concentra-
tion with solvent viscosity has been accomplished for many other solvents [42].

Furthermore, it has been conveyed the solvents that provide the best dispersion stability (DMF, 
NMP, DMSO, PC, and water) have high dielectric constants as reflected in Figure 16.4e. Similarly, 
high dielectric constant solvents offer a greater ability to stabilize the charged particles in solution; 
therefore, can better disperse MXene because it has an inherent negative surface charge evidenced 
by a high zeta potential (ζ). The dielectric constant correlates to the solvent polarity index (ε > 20). 
The polarity of the solvent matches with the polarity of the material based on the ‘like dissolves 
like’ concept. By plotting the concentration versus polarity index for each solvent (Figure 16.4f), a 
linear fit so- obtained revealed that solvents with a higher polarity index are, indeed, best for disper-
sing Ti

3
C

2
T

x
 [42]. Thus, comparing the variation of MXene dispersion concentrations with various 

solvent parameters such as surface tension, boiling point, polarity, etc., recommend that polar 
solvents with high surface tension, elevated boiling point, and high dielectric constant, in general, 
offer better dispersion stability for Ti

3
C

2
T

x
.

16.2.5  forMulation of additiVe- free Mxene inks for 3d Printing

Typical extrusion printing used for patterned interdigitated designs needs inks with appropriate 
viscosity, surface tension, and related properties, typically attained by introducing surfactants 
and/ or polymer stabilizers, which after printing is over, necessitate absolute removal by heating 
to ensure maximum device signaling output. Nevertheless, such procedures often result in 
unwanted complexities and inefficient post- fabrication finishing processes. MXene inks, in 
this situation, is very much superior and can be utilized directly without the requirement for 
any additives. Accordingly, Zhang et al. took up the challenge to prepare additive- free organic 
MXene concentrated inks, to avoid the unwanted ‘coffee ring effect’ issues originating from 
additives- containing inks [18].

Again, the dimensions of MXenes platelets considerably affect the rheology of the dispersion 
and it can be customized to improve its printability. Thus, Yang et. al communicated an additive- 
free, aqueous MXene ink containing large, high aspect ratio based 2D Ti

3
C

2
T

x
 sheets obtained via 

less aggressive etching and delaminating protocol, for extrusion- based 3D printing of freestanding, 
high specific surface area architectures for fabricating current collector- free energy storage devices 
of various morphologies [41]. They claimed that the bi- dimensionality of these MXenes containing 
charged surfaces and edges would promote easy intercalation of water molecules to control the 
rheological properties without the necessity for sacrificial additives. The resultant 3D- printed device 
displayed areal capacitance as high as 2.1 Fcm- 2 for active material loading of about 8.5 mgcm- 2 with 
decent capacitance retention efficacy of ~ 90 % even after undergoing 10000 charging/  discharging 
cycles [41].

16.2.6  Printing and Patterning of Mxene inks on Various suBstrates for flexiBle 
suPercaPacitors

Printing, as well as patterning of well- defined architectures with MXene inks on various substrates for 
designing highly flexible supercapacitors, is a very essential issue as far as formulation expertization 
is concerned. The preparation of inks should fundamentally ensure smooth and effortless printing 
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and patterning on varying substrate surfaces under ambient conditions. Thus, high concentrations 
of large, decent quality MXene inks, obtained via the Minimally Intensive Layer Delamination syn-
thesis approach (MILD) technique, recently ensured the production of high- density Ti

3
C

2
 inks of 

concentrations up to 30 mg mL−1 which could be readily loaded into roller ball pens for smooth and 
reliable writing without any leakage or clogging but can be printed directly on paper, plastic sheets, 
polymer membranes, and textiles effortlessly. Besides, well- desired patterns of various choices can 
be drawn manually or by using automatic drawing devices conveniently [26]. In another work by 
the Orangi group, ultrahigh concentrations of printable MXene aqueous inks were developed for 
the fabrication of 3D interdigital electrode architecture on a variety of substrates, including flex-
ible polymer films and papers, for delivering superior areal and volumetric energy densities via 
room temperature direct ink writing procedure. As MXenes inks do not require post- printing high- 
temperature processes, they are extensively compatible with a variety of substrates, such as paper 
or plastic. Thus, the aqueous MXene dispersion was subjected to beads of re- usable superabsorbent 
polymer for water absorption from the dispersion under continuous stirring at 400 rpm to speed up 
the absorption process as well as precisely tune the dispersion concentration. The superabsorbent 
polymer concentrated the dispersion as high as 290 mg/ mL, with exquisite viscoelastic properties 
favoring smooth and continuous coating of numerous layers of active material successfully. Further, 
such optimization of ink composition assisted in fine- tuning of electrode heights as well as regu-
lation of specific active materials loading by the number of deposited layers [16]. The research 
group also fabricated macroscopic porous aerogels with vertically aligned Ti

3
C

2
T

x
 sheets to con-

struct unidirectional, well- aligned electrodes via freeze casting and inkjet- based 3D- printing com-
binations to ensure smooth electron transport across the three- dimensional printed structures. The 
tailored micro- / macro-  architected aerogels showed excellent electromechanical performance, 
withstanding nearly 50% compression and recovering the original shape without losing their elec-
trical conductivities during continuous compression cycles. The present technique can conveniently 
deploy water (ice) as a supporting matrix to construct true- 3D constructions with overhang features, 
unlike extrusion- based 3D printing, and does not necessitate the usage of viscoelastic shear- thinning 
inks. Additionally, all- MXene micro- supercapacitor composed of the current collector and porous 
electrodes with horizontally as well as vertically oriented MXene sheets well lifted the overall 
electrical conductivity and ionic diffusion kinetics, thus demonstrating excellent electrochemical 
responses with thickness independent capacitive behavior [43].

For well- aligned and positional patterning of 2D MXenes, a scalable and simple hybrid   
3D- printing approach involving surface topology designing and directed assembling of MXene flakes 
vide capillary- driven direct ink writing was proposed. Anisotropically- aligned MXene flakes on   
3D- printed flexible substrates using MXene ink suspensions under leveraged microforces experienced 
preferential alignment vide layer- by- layer additive depositions. The so- obtained printed gadgets, as 
presumed, exhibited various multifunctional behavior, with a broad sensing range, elevated sensi-
tivity, high- speed response time, and mechanical durability [44]. Additive- free, appropriate rheo-
logical properties based on 2D MXene aqueous inks consisting of essentially the sediments of 
un- etched precursors and unprocessedmulti- layered- MXenes during delamination procedure have 
been used for scalable screen printing. Notably, these inks when introduced on paper yield high 
resolution and spatial uniformity ideally fit for designing printed microsupercapacitors, conductive 
tracks, integrated circuit pathways, etc, with sustaining mechanical integrity as well as conductive 
interconnecting network. The resultant energy storage 3D- printed gadgets displayed superior areal 
capacitance (158 mFcm- 2) and energy density (1.64 µWhcm- 2) compared to other printed devices 
based on MXene or graphenes. This ink formulation scheme of “turning trash into treasure” outlines 
the prospect of utilizing wasted remnants of MXene sediment for large- scale and effective printing 
productions of next- generation wearable smart electronics [45].

Very recently, Wu group proposed a multi- scale structural engineering approach for fabricating  
ordered- MXene hydrogel printed supercapacitor electrodes for upgraded electrochemical outputs.  
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Usage of unidirectional freezing treatment aided MXene sheets to create a hierarchical structure with  
vertically oriented paths (Figure 16.5a) which could be extended to construct 3D- printed MXene  
micro- supercapacitor electrodes via direct ink writing printing having honeycomb- type compart-
mental porous morphology, as confirmed from the SEM image provided in the Figure 16.5b. The so-  
designed energy storage device recorded superior areal capacitance as high as 2.0 Fcm- 2@ current  
density of 1.2 mAcm- 2 with high rate- capacity (capacitance of 1.2 Fcm- 2@ high current density of  
60 mAcm- 2) and energy density of 0.1 mWhcm- 2at 0.38 mWcm- 2 (as reflected from the graphs placed  
in the Figure 16.5c– e respectively) compared to films obtained via other techniques such as directly  
freezing- dried MXene aerogel and compact- stacked MXene films. The vertically oriented architec-
ture in these 3D- printed electrodes facilitated intercalation of protons due to enhanced interlayer  
spacing that promoted augmented electrolyte ions diffusion kinetics, and increased surface- active  
area, resulting in raised electrochemical responses [46].

Similarly, Liang’s research group employed direct ink writing printing technology in combin-
ation with a unidirectional freezing method to fabricate highly stretchable microsupercapacitors that 
could restore stable electrochemical responses even under a strain of up to 50% owing to sliding, 
highly flexible honeycomb- like porous construction of MXene nanosheets [47]– [48],

16.3  CONCLUSION AND PROSPECTS

Thus, the above discussion highlights the current status of MXenes inks- based 3D- printing tech-
nology deployed for designing highly flexible and lightweight auto- powering electronic gadgets. 
Nonetheless, there are still a vast number of challenges in commercializing 2D MXene materials 
into printable inks. Currently, the primary necessity of the MXene fabrication industry is to carry 

FIGURE 16.5 (a) Schematic presentation of the 3D- printing all- MXene micro- supercapacitor fabrication 
process via Multi- Scale Structural Engineering Strategy. (b) SEM images of (morphology) of ordered MXene 
hydrogel sample (top- view) (c) Comparative CV profiles of all samples indicated @ voltage scan rate of 100 
mV/ s, (d) Comparative rate performance (variation of capacitance with current density), and (e) Comparative 
EIS profiles of unordered MXene hydrogel, ordered MXene hydrogel, sulphuric acid- immersed MXene 
aerogel, and filtrated- MXene film samples respectively. Figure adapted with permission [46], Copyright: The 
Authors, some rights reserved; exclusive licensee [Wiley-VCH GmbH]. Distributed under a Creative Commons 
Attribution License 4.0 (CC BY).
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out serious revision and improvement in the existing MXene synthesis strategies by avoiding the 
employment of destructive methods but designing economically workable procedures for devising 
large- scale flexible electronic devices in bulk measures to furnish the sky- high demands of con-
sumer electronic industry. Moreover, other varieties of MXene inks apart from Ti

3
C

2
, with diverse 

compositions are needed to be systematically explored. Room temperature- based scalability, as well 
as stable ink preparation, is yet a deep concern.

Besides, MXenes having adequate chemical as well as colloidal stability is yet an additional task 
for industrially feasible applications. Study of the decay kinetics and other insights of the colloidal 
dispersions inks in various solvents vide various probes over time such as measuring the extinction 
and absorption spectra, etc., are crucial. Like many other 2D materials, MXenes are highly suscep-
tible to sheet agglomeration, as well as high- rate oxidation, especially in aqueous conditions. Even 
they do often experience very tiny shelf lifespan and therefore, need critically controlled measures 
like the addition of external binders, surface modifications, co- solvents effects, etc., to cope with 
such vital issues.

In addition, many details of MXenes properties such as optical, mechanical, electrochemical, 
chemical, etc., are yet to be comprehensively understood and more methodical investigations on 
their rheological properties are urged, especially on the substrate- specific surface area and its sur-
face energy, wetting conditions, ink viscosity, solvent volatility, polarity, solvent evaporation kin-
etics, etc., while proposing simplified and common inks formulation with manageable physical and 
chemical aspects which are in fine agreement with various requirements of prevailing printing tech-
nologies. Furthermore, while designing printed MXene patterns, care should be taken for suitable 
substrate selection so that they are not spoiled or deformed, and the charge conduction, as well as 
intended electrochemical responses, get fully recovered upon releasing the strains even after exe-
cuting several cycles of deformation activities.

In addition, the simplicity, reproducibility, and reliability of 3D- printing technology and 
conforming MXene ink characteristics should be recognized for smooth, straight, and even printed 
patterns on different substrates to overcome associated issues such as the ‘coffee ring effects’ that 
tend to degrade the overall printing quality. Lately, the formulation of bio- compatible MXene inks 
is becoming extremely important for promoting smart bioelectronic devices and wearable electronic 
gadgets which can be readily implanted on the muscle, joints, or skin to capture necessary automatic 
signals. Therefore, it is clear that the present objective lies in overcoming the challenges that stand 
in scheming eco- friendly, chemically and thermodynamically stable, additive/ binder- free, MXene 
inks via easy, scalable cost- effective routes for framing smart and flexible, high-performing auto- 
powering electronics shortly.

ACKNOWLEDGMENT

DM acknowledges Chandernagore College, Chandannagar, Hooghly, West Bengal, Pin- 712136, 
India, for providing permission to do honorary research.

REFERENCES

1 D. Verma, K.R.B. Singh, A.K. Yadav, V. Nayak, J. Singh, P.R. Solanki, R.P. Singh, Internet of things 
(IoT) in nano- integrated wearable biosensor devices for healthcare applications, Biosens Bioelectron 
X 11 (2022) 100153.

2 D. Majumdar, S. Ghosh, Recent advancements of copper oxide- based nanomaterials for supercapacitor 
applications, J Energy Storage 34 (2021) 101995.

3 D. Majumdar, M. Mandal, S.K. Bhattacharya, Journey from supercapacitors to supercapatteries: recent 
advancements in electrochemical energy storage systems, Emergent Mater 3 (2020) 347– 367.

4 D. Majumdar, Recent progress in copper sulfide based nanomaterials for high energy supercapacitor 
applications, J Electroanal Chem 880 (2021) 114825.

 

 

 

 

 

 

 



2613D-Printed MXenes for Supercapacitors

5 Y. Yao, K.K. Fu, C. Yan, J. Dai, Y. Chen, Y. Wang, B. Zhang, E. Hitz, L. Hu, Three- dimensional print-
able high- temperature and high- rate heaters, ACS Nano 10 (2016) 5272– 5279.

6 J. Liang, C. Jiang, W. Wu, Printed flexible supercapacitor: ink formulation, printable electrode 
materials and applications. Appl Phys Rev 8 (2021) 21319.

7 V. Augustyn, P. Simon, B. Dunn, Pseudocapacitive oxide materials for high- rate electrochemical 
energy storage, Energy Environ Sci 7 (2014) 1597– 1614.

8 Poonam, K. Sharma, A. Arora, S.K. Tripathi, Review of supercapacitors: materials and devices, J 
Energy Storage 21 (2019) 801– 825.

9 K. Shen, J. Ding, S. Yang, 3D printing quasi- solid- state asymmetric micro- supercapacitors with 
ultrahigh areal energy density, Adv Energy Mater 8 (2018) 1800408.

10 P. Chang, H. Mei, S. Zhou, K.G. Dassios, L. Cheng, 3D printed electrochemical energy storage 
devices, J Mater Chem A 7 (2019) 4230– 4258.

11 M. Areir, Y. Xu, D. Harrison, J. Fyson, R. Zhang, Development of 3D printing technology for the 
manufacture of flexible electric double- layer capacitors, Mater Manuf Process 33 (2018) 905– 911.

12 S. Tagliaferri, A. Panagiotopoulos, C. Mattevi, Direct ink writing of energy materials, Mater Adv 2 
(2021) 540– 563.

13 C. (John) Zhang, B. Anasori, A. Seral- Ascaso, S.H. Park, N. McEvoy, A. Shmeliov, G.S. Duesberg, 
J.N. Coleman, Y. Gogotsi, V. Nicolosi, Transparent, flexible, and conductive 2D titanium carbide 
(MXene) films with high volumetric capacitance, Adv Mater 29 (2017) 1702678.

14 J.J. Yoo, K. Balakrishnan, J. Huang, V. Meunier, B.G. Sumpter, A. Srivastava, M. Conway, A.L. 
Mohana Reddy, J. Yu, R. Vajtai, P.M. Ajayan, Ultrathin planar graphene supercapacitors, Nano Lett 
11 (2011) 1423– 1427.

15 A. Tanwilaisiri, Y. Xu, R. Zhang, D. Harrison, J. Fyson, M. Areir, Design and fabrication of modular 
supercapacitors using 3D printing, J Energy Storage 16 (2018) 1– 7.

16 J. Orangi, F. Hamade, V.A. Davis, M. Beidaghi, 3D printing of additive- free 2D Ti
3
C

2
Tx (MXene) 

ink for fabrication of micro- supercapacitors with ultra- high energy densities, ACS Nano 14 (2020) 
640– 650.

17 B. Zazoum, A. Bachri, J. Nayfeh, Functional 2D MXene Inks for Wearable Electronics, Mater. 
(Basel) 14 (2021) 6603.

18 C. (John) Zhang, L. McKeon, M.P. Kremer, S.H. Park, O. Ronan, A. Seral-Ascaso, S. Barwich, C.Ó. 
Coileáin, N. McEvoy, H.C. Nerl, B. Anasori, J.N. Coleman, Y. Gogotsi, V. Nicolosi, Additive- free 
MXene inks and direct printing of micro- supercapacitors, Nat. Commun. 10 (2019) 1795.

19 L. Verger, V. Natu, M. Carey, M.W. Barsoum, MXenes: an introduction of their synthesis, select prop-
erties, and applications, Trends Chem 7 (2019) 656– 669.

20 B. Anasori, M.R. Lukatskaya, Y. Gogotsi, 2D metal carbides and nitrides (MXenes) for energy 
storage, Nat Rev Mater 2 (2017) 16098.

21 P. Das, Z.- S. Wu, MXene for energy storage: present status and future perspectives, J Phys Energy 2 
(2020) 32004.

22 M. Ghidiu, M.R. Lukatskaya, M.- Q. Zhao, Y. Gogotsi, M.W. Barsoum, Conductive two- dimensional 
titanium carbide ‘clay’ with high volumetric capacitance, Nature 516 (2014) 78– 81.

23 K. Das, D. Majumdar, Prospects of MXenes/ graphene nanocomposites for advanced supercapacitor 
applications, J Electroanal Chem 905 (2022) 115973.

24 D. Majumdar, Role of MXenes/ polyaniline nanocomposites in fabricating innovative supercapacitor 
technology. Adv Energy Convers Mater 3 (2022) 30– 53.

25 J. Ma, S. Zheng, Y. Cao, Y. Zhu, P. Das, H. Wang, Y. Liu, J. Wang, L. Chi, S. Liu, Aqueous MXene/ 
PH1000 hybrid inks for inkjet-printing micro-supercapacitors with unprecedented volumetric capaci-
tance and modular self-powered microelectronics, Adv Energy Mater 11 (2021) 2100746.

26 E. Quain, T.S. Mathis, N. Kurra, K. Maleski, K.L. Van Aken, M. Alhabeb, H.N. Alshareef, Y Gogotsi, 
Direct writing of additive-free MXene-in-Water ink for electronics and energy storage, Adv Mater 
Technol 4 (2019) 1800256.

27 S. Uzun, M. Schelling, K. Hantanasirisakul, T.S. Mathis, R. Askeland, G. Dion, Y. Gogotsi, Additive-
free aqueous MXene inks for thermal inkjet printing on textiles, Small 17 (2021) 2006376.

28 Y. Wang, M. Mehrali, Y.- Z. Zhang, M.A. Timmerman, B.A. Boukamp, P.- Y. Xu, J.E. ten Elshof, 
Tunable capacitance in all- inkjet- printed nanosheet heterostructures, Energy Storage Mater 36 
(2021)318– 325.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



262 3D Printing: Fundamentals to Emerging Applications

29 C.- W. Wu, B. Unnikrishnan, I- .W.P. Chen, S.G. Harroun, H- .T. Chang, C- .C. Huang, Excellent oxi-
dation resistive MXene aqueous ink for micro- supercapacitor application, Energy Storage Mater 25 
(2020) 563– 571.

30 D. Singh, V. Shukla, N. Khossossi, A. Ainane, R. Ahuja, Harnessing the unique properties of MXenes 
for advanced rechargeable batteries, J Phys Energy 3 (2020) 12005.

31 A. Iqbal, J. Hong, T.Y. Ko, C.M. Koo, Improving oxidation stability of 2D MXenes: synthesis, 
storage media, and conditions, Nano Converg 8 (2021) 1– 22.

32 S. Abdolhosseinzadeh, X. Jiang, H. Zhang, J. Qiu, C. (John) Zhang, Perspectives on solution pro-
cessing of two- dimensional MXenes, Mater Today 48 (2021) 214– 240.

33 S. Biswas, P.S. Alegaonkar, MXene: evolutions in chemical synthesis and recent advances in 
applications, Surfaces 5 (2021) 1– 34.

34 A. Bhat, S. Anwer, K.S. Bhat, M.I.H. Mohideen, K. Liao, A. Qurashi, Prospects challenges and sta-
bility of 2D MXenes for clean energy conversion and storage applications, npj 2D Mater. Appl. 5 
(2021) 1– 21.

35 Y. Zhang, Y. Wang, Q. Jiang, J.K. El-Demellawi, H. Kim, H.N. Alshareef, MXene printing and 
patterned coating for device applications, Adv Mater 32 (2020) 1908486.

36 J. Azadmanjiri, T.N. Reddy, B. Khezri, L. Děkanovský, A.K. Parameswaran, B. Pal, S. Ashtiani, S. 
Wei, Z. Sofer, Prospective advances in MXene inks: screen printable sediments for flexible micro- 
supercapacitor applications, J Mater Chem A 10 (2022) 4533– 4557.

37 F. Cao, Y. Zhang, H. Wang, K. Khan, A. K. Tareen, W. Qian, H. Zhang, H. Ågren, Recent advances in 
oxidation stable chemistry of 2D MXenes, Adv. Mater. 34 (2022) 2107554.

38 X. Zhao, A. Vashisth, J.W. Blivin, Z. Tan, D.E. Holta, V. Kotasthane, S.A. Shah, T. Habib, S. Liu, J.L. 
Lutkenhaus, pH, nanosheet concentration, and antioxidant affect the oxidation of Ti

3
C

2
T

x
 and Ti

2
CT

x
 

MXene dispersions, Adv Mater Interfaces 7 (2020) 2000845.
39 V. Natu, J.L. Hart, M. Sokol, H. Chiang, M.L. Taheri, M.W. Barsoum, Edge capping of 2D-MXene 

sheets with polyanionic salts to mitigate oxidation in aqueous colloidal suspensions, Angew Chemie 
131 (2019) 12785– 12790.

40 B. Akuzum, K. Maleski, B. Anasori, P. Lelyukh, N.J. Alvarez, E.C. Kumbur, Y. Gogotsi, Rheological 
characteristics of 2D titanium carbide (MXene) dispersions: a guide for processing MXenes, ACS 
Nano 12 (2018) 2685– 2694.

41 W. Yang, J. Yang, J.J. Byun, F.P. Moissinac, J. Xu, S.J. Haigh, M. Domingos, M.A. Bissett, 
R.A.W. Dryfe, S. Barg, 3D printing of freestanding MXene architectures for current-collector-free 
supercapacitors, Adv Mater 31 (2019) 190272.

42 K. Maleski, V.N. Mochalin, Y. Gogotsi, Dispersions of two- dimensional titanium carbide MXene in 
organic solvents, Chem Mater 29 (2017) 1632– 1640.

43 H. Tetik, J. Orangi, G. Yang, K. Zhao, S. Bin Mujib, G. Singh, M. Beidaghi, D. Lin, 3D printed 
MXene aerogels with truly 3D macrostructure and highly engineered microstructure for enhanced 
electrical and electrochemical performance, Adv Mater 34 (2022) 2104980.

44 S. Jambhulkar, S. Liu, P. Vala, W. Xu, D. Ravichandran, Y. Zhu, K. Bi, Q. Nian, X. Chen, K. Song, 
Aligned Ti

3
C

2
T

x
 MXene for 3D micropatterning via additive manufacturing, ACS Nano 15 (2021) 

12057– 12068.
45 S. Abdolhosseinzadeh, R. Schneider, A. Verma, J. Heier, F. Nüesch, C. Zhang, Turning trash into 

treasure: additive free MXene sediment inks for screen-printed micro-supercapacitors, Adv Mater 32 
(2020) 2000716.

46 X. Huang, J. Huang, D. Yang, P. Wu, A multi-scale structural engineering strategy for high-
performance MXene hydrogel supercapacitor electrode, Adv Sci 8 (2021) 2101664.

47 X. Li, H. Li, X. Fan, X. Shi, J. Liang, 3D-printed stretchable micro-supercapacitor with remarkable 
areal performance, Adv Energy Mater 10 (2020) 1903794.

48 W. Zong, Y. Ouyang, Y.- E. Miao, T. Liu, F. Lai, Recent advance and perspective of 3D printed micro- 
supercapacitor: from design to smart integrated devices. Chem Commun. 58 (2022) 2075– 2095.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



263DOI: 10.1201/9781003296676-17

17 3D-Printed Nanocomposites 
for Supercapacitors

Shiva Bhardwaj1,3, Sudhakar Reddy Madhira1,3, and   
Ram K. Gupta2,3*

1Department of Physics, Pittsburg State University, Pittsburg,   
Kansas 66762, USA
2Department of Chemistry, Pittsburg State University, Pittsburg,   
Kansas 66762, USA
3National Institute for Material Advancement, Pittsburg,   
Kansas 66762, USA
*Corresponding author: ramguptamsu@gmail.com

CONTENTS

17.1 Introduction ........................................................................................................................263
17.2 Materials for Supercapacitors ............................................................................................265
17.3 Recent Development in 3D- Printed Supercapacitors Using Nanocomposites ..................267

17.3.1 Nanocomposites of 2D Materials for 3D- Printed Supercapacitors .....................267
17.3.2 Nanocomposites of Metal Oxides for 3D- Printed SCs ........................................270
17.3.3 Nanocomposites of Metal Sulfides for 3D- Printed SCs ......................................273
17.3.4 Nanocomposites of Metal Phosphide for 3D- Printed SCs ..................................276

17.4 Conclusion .........................................................................................................................278
References ......................................................................................................................................278

17.1  INTRODUCTION

The possible fatigue of petroleum derivatives and the natural influences related to ozone harm has 
prompted worldwide requests to create practical energy supplies. Scientists are looking for alterna-
tive solutions to prevent the continuous depletion of petroleum derivatives via renewable resources 
like solar and wind energy, but the portable energy demand tends researchers to move forward 
to energy storage devices (ESDs). ESDs store energy in various forms and help to decrease the 
dependency on petroleum derivatives by storing and delivering the energy created via renewable 
resources [1].

Among the variety of ESDs, batteries, and supercapacitors (SCs) addresses the two driving elec-
trochemical energy- stockpiling advancements as shown in Figure 17.1 of energy vs. power dens-
ities known as a Ragone plot. Batteries store energy chemically and transform it electrically when 
required. They have high energy density and are utilized in purchaser electronics. However, because 
of an assortment of resistive misfortunes from drowning electron and particle transport, batteries get 
heated up and further develop dendrite at high power consumption, creating genuine issues [2]. This 
has come about in a few widely discussed disappointments, including the electric vehicle made by 
Tesla and the Dreamliner plane made by Boeing.

Therefore, SCs, otherwise called electrochemical capacitors, can supplement and support the  
batteries in specific applications since they can securely provide the high and fast power required  
and can easily run for very long- life cycles (>100,000 cycles). A large number of interests have  
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been developed for SCs, like quick charging, incredible cycling security, and high power thickness.  
Although economically accessible, SCs can convey a lot higher energy thickness than custom strong  
state electrolytic capacitors but are still lagging behind the batteries. Consequently, the boundless  
utilization of SCs has been developed, and broad examination endeavors are determined to accom-
plish the energy- stockpiling capacities [4].

SCs can be ordered into three parts based on the charge storage mechanism: electric double- 
layer capacitors (EDLCs), pseudocapacitors, and hybrid SCs. EDLCs store charges based on an 
electrostatically formed double layer on the surface of electrodes which results in coulobmic inter-
action. Pseudocapacitors store charges based on a faradaic reversible redox reaction, whereas the 
hybrid SCs refer to the combination of EDLCs and pseudocapacitors. There are number of factors 
on which the performance of SC depends among which energy density is an essential parameter. 
This energy factor is directly proportional to the applied voltage, which is given in Equation (17.1).

 E CV=
1

2
2 (17.1)

Where C is the specific capacitance (C
sp

) of SC, Equation (17.1) contains the square of voltage in 
the equation, which expresses the 2- fold increase in voltage results in a four - fold increase in energy 
for the same value of specific capacitance [5]. One method by which scientists have attempted to 
address the test of relatively low energy thickness is by creating hybrid SCs. In this unique situ-
ation, asymmetric SCs cover various gadget configurations. Therefore, there is a requirement for 

FIGURE 17.1 A schematic plot between power density vs. energy density of various energy storage devices. 
Adapted with permission [3]. Copyright (2004), American Chemical Society.
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developing a variety of synthesis routes for the fabrication of materials for SCs, which could easily 
offer the prospect of an increase in energy density and specific capacitance for applications in real- 
time devices. Furthermore, given the rapid improvements in this technology, asymmetric SCs are 
expected to play a vital role in the energy storage industry where two different materials are used as 
cathode and anode in the fabrication of SCs [6]. There are different 3D- printing methods like inkjet 
printing, stereolithography, etc., which helps in the development of hierarchical porous 3D SCs. 3D 
printing enhances the performance of the devices by reducing the error in the composition of the 
fabricated materials. In this regard, various materials and their fabrication techniques are discussed 
further in the following sections.

17.2  MATERIALS FOR SUPERCAPACITORS

The demand for SCs is increasing due to their high power density and fast charge- discharge cap-
ability. Moreover, the selection of material plays a vital role in determining the properties and per-
formance of SCs. Various materials like metal- organic framework (MOF), MXenes, conductive 
polymer, composite, and many other materials have been employed to develop SCs. The materials 
that have to be selected must be processed quickly and possesses a high active surface area with a 
greater number of active sites participating in the reaction [7]. Among all the materials, conducting 
polymer demonstrates various properties for SCs and attracted much interest in past decades. The 
most accessible conductive polymer that can be fabricated easily is polyaniline (PANI). PANI 
demonstrates doping and de- doping chemistry, which allows it to show high electrical conductivity. 
Moreover, PANI has moderate solubility, allowing it to be prepared using electrospinning, spin- 
coating, inkjet printing, electrodeposition, and 3D technique. These days scientists are focusing on 
3D- printed materials, which among the polymers have become the famous technology for the pro-
cessing and fast fabrication of complicated objects. A 3D PANI/ reduced graphene oxide (rGO) has 
been prepared by Wang et al. [8] using modified Hummer’s method and 3D- printing technology to 
fabricate electrodes later. The electrochemical measurement of printed SC shows a specific capaci-
tance of 1329 mF/ cm2. Figure 17.2 shows the synthesis route used to develop PANI/ rGO.

Nanocomposites of different materials (like metal hydroxide, metal oxide, etc.) possess high  
specific capacitance but suffer life cycles and sluggish kinetics, limiting their application in various  
SC- based devices. Therefore, scientists are looking toward novel nanocomposites for hybrid SC  
electrodes. Makkar et al. [9] fabricated cobalt- iron- oxide (CoFe

2
O

4
) and porous carbon (PC, derived  

FIGURE 17.2 A schematic representation of PANI/ rGO. Adapted with permission [8]. Copyright (2018), 
American Chemical Society.
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from coconut fiber) doped nanocomposite using co- precipitation and wet- impregnation techniques  
(Figure 17.3). Electrochemical measurements were performed in a three- electrode system for the  
reality check of the developed electrode. The highest specific capacitance of 272 F/ g with 93% reten-
tion in capacitance after 5000 cycles represents its high performance and stability. This retention in  
capacitance was due to the large surface area, heterogenous catalysis, good power performance, and  
high energy density of CoFe

2
O

4
, which acted as a suitable cathode material with pseudocapacitive  

behavior. The as- synthesized nanocomposites of CoFe
2
O

4
 with PC derived from coconut fibers are  

eco- friendly and sustainable materials with a good life cycle.
There is always a race to find different classes of materials to develop energy storage devices. In 

this race, scientists discovered a new material called MOF. MOFs are multifunctional frameworks 
with large surface areas, adjustable pores, and crystalline structures which make them suitable 
materials for SCs. Yaghi’s group has played an essential role in developing MOF since 1995 [11]. 
MOFs are generally prepared by the combination of polydentate organic ligands and metallic ions 
and possess high porosity which provides a stable connection between the electrodes and the elec-
trolyte [12]. During the earlier stages of the development of MOFs, cobalt- based MOFs (Co- MOFs) 
were the promising candidates for the SCs behavior. Lee et al. [13] synthesized Co- MOF using Co 
(II) and terephthalic acid as an electrode material which shows a specific capacitance of 206.76 F/ g 
with cyclic stability of 98.5% after 1000 cycles.

It has been found that Co- MOFs have a high surface area and large pores depending upon the 
type of organic linker used, leading to the partial failure of framework structure because of the 
incomplete vaporization of solvents from the pores. Similarly, single ligands along with multiple- 
metal MOFs have been prepared to meet the needs of high- performance SCs. Multiple metals and 
multiple ligands have multivalent ions in the material, achieving the synergistic effect to improve 
the electrochemical properties. As an organic ligand, the multivalent Co- MOF using 2- methyl 
benzimidazole and pyromellitic dianhydride has been synthesized for SC electrodes. Sun et al. [14] 
replace Co2+  with Ni2+  by isomorphism, exhibiting a high specific capacitance of 2422.7 F/ g with an 

FIGURE 17.3 A methodology depicting the formation of the nanocomposite. Adapted with permission [10]. 
Copyright (2022), American Chemical Society.
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86% retention after 3000 cycles. The design of molecular and adjustable crystal structures can show 
significant improvements in the electrical conductivity of pristine MOFs on 3D substrates, further 
showing greater aspects for SC devices.

Continuous research is going on to discover and develop different materials for SC devices. 
A unique structure of transition metal nitrides and carbides is referred to as MXenes which show 
desirable properties that make them attractive for use in SCs. These 2D inorganic compounds consti-
tute a few atomic layers of transition metal carbides or nitrides [15]. Generally, they are synthesized 
by etching the element A from their MAX phases (M

n+ 1
AX

n
, n= 1,2,3), where M is the transition 

metal, A is the leading group element, and X is the nitrogen or carbon [16]. Lukatskaya et al. [17] 
construct a 13 µm thick Ti

3
C

2
T

x
 film, reaching a specific capacitance of 310 F/ g at 10 mV/ s in 3M 

H
2
SO

4
 compared to traditional graphene SC which delivers 78 F/ g. The big difference in specific 

capacitance was due to different intercalation types shown by the MXenes and graphene. Equation 
(17.1) shows the participation of the surface functional group in the charge storage mechanism, 
leading to the consideration of the redox process as the protonation of oxygen functional groups.

 Ti
3
C

2
T

x
(OH)

y
F

z
 +  δe-  +  δH+  =  Ti

3
C

2
T

x- 
δ(OH)

y+ 
δF

z
 (17.2)

Ghidiu et al. [18] synthesized a 5 µm thick Ti
3
C

2
T

x
 film, reaching the volumetric capacitance of 

910 F/ cm3 at the scan rate of 2 mV/ s with capacitance retention of 81% after 10000 cycles. The loss 
in capacitance was due to the intercalation and de- intercalation via the charging- discharging phe-
nomenon. However, several challenges like complex chemical compositions, structures, and lack of 
systematic discussion on the application of MXenes prevent them from becoming more practical SC 
electrodes. Different methods for fabrication, etching treatment, and intercalation of additives like 
hydrochloric acid (HCl), hydrofluoric acid (HF), and LiF/ HCl mixture and molten salts are practiced 
to produce high- performance SCs. Even with the above development, MXenes are in their infancy. 
Yet, based on 2D structures and surface groups, MXenes are promising pseudocapacitive electrodes.

17.3  RECENT DEVELOPMENT IN 3D- PRINTED SUPERCAPACITORS USING 
NANOCOMPOSITES

17.3.1  nanocoMPosites of 2d Materials for 3d- Printed suPercaPacitors

Materials with multilayer morphology are more suitable for SCs due to their higher porosity and 
large electrochemically active surface area. The 2D materials used in SC electrodes are graphene, 
graphene oxide (GO), reduced graphene oxide (rGO), functional graphene oxides, and MXenes. 
These 2D nanocomposite materials generally consist of many thin layers. In addition, their high 
surface- to- volume ratio means more surface atom exposure during the electrochemical reactions. 
Among all the given materials, graphene has been explored as 2D material possessing a high surface 
area. Its structure can be coiled to form 1D nanotubes, as well as its honeycomb network- like struc-
ture, can be stacked later for 3D graphite formation. Graphene has many functional, mechanical, 
and electrical properties. Other important properties are a quantum hall effect at room temperature 
and tuneable bandgap. It also has high electron mobility, high surface area, stability, and intrinsic 
capacitance, making it an ideal 2D material for SCs. The access of ions to the surface determines 
their practical capacitance. Theoretically, the ideal specific capacitance of graphene is about 550 F/ 
g, where its entire surface is electrochemically active [19].

Furthermore, the capacitance depends on how the graphene structure is arranged to achieve  
optimal surface access for electric double layer (EDL) formation, which is influenced by the volume  
and pore size of the graphene electrode. The condition under which maximum specific capacitance  
can be obtained is when the size of pores of electrodes and electrolytic ions matches. Ma et al.  
[20] fabricated the MnO

2
/ graphene aerogel (GA) based nanocomposite via hydrothermal growth  

of 2D MnO
2
 nanosheets on 3D- printed graphene aerogel along with their connected micropores  
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(Figure 17.4). The formation of surface voids and an insufficient amount of bond energy during  
the intermolecular diffusion process generates several issues which are removed by using the  
cold- plated freeze- drying method to fabricate unidirectional GA plates. The synthesized MnO

2
/  

GA during electrochemical characterization shows a specific capacitance C
sp

 of 275 F/ g at 1 A/ g  
along with 99% capacitance retention after 5000 cycles at 5 A/ g. The high capacitance retention is  
obtained due to the porous nature of GA. Wetting the electrode surface via electrolyte further helps  
to increase the contact area between the electrolyte and electrode. The real- time 3D printed MnO

2
/  

GA SC shows the discharge- specific capacitance of 95 F/ g at 1 A/ g, presenting the realization of  
self- powered nanosystems.

Polymeric chains of PANI were fabricated into the defective sites of 2D materials to activate 
faulty electrochemical areas. However, PANI showed the thick and distorted structures that allow 
the migration of ions through the electrolyte, leading to poor cyclability and low charge- discharge 
rate. The semiconducting 2D materials, like black phosphorus (BP) and MXene, are suitable for the 
hybrid nanocomposites with the conducting PANI as they provide ample surface area. Vaghasiya 
et al. [21] synthesized a flexible SC electrode using 3D- printing polyjet technology for the BP/ 
PANI- based nanocomposites. The prepared nanocomposite when subjected to Galvanostatic charge- 
discharge (GCD) and stability test showed a specific capacitance of 96 F/ g at 0.5 A/ g along with 
their flexibility check at 180 oC offering the retention in specific capacitance of 93.2 F/ g at 0.5 A/ g. 
The cyclic durability shows retention of 85.5% at 10 A/ g after 4000 cycles. This decrease in reten-
tion is due to a large number of cycles which allows the slow insertion of ions across the BP/ PANI 
clusters.

Although many composites have recently been investigated as electrodes for SCs, scientists found 
MXenes as an exciting class of 2D materials. They represent an emerging class for SC applications, 
with the general formula of M

n+ 1
X

n
T

x
 where M is the transition metal, X is carbon or nitrogen, and T

x
 

represents the surface contamination. They are generally produced by etching their different layers 
via HF treatment, as depicted in Figure 17.5.

Moreover, easy oxidation, restacking of the MXene layer, mechanical flexibility, and weak elec-
trical conductivity are the drawbacks of pristine MXene. These limitations can easily be reduced via  

FIGURE 17.4 (a) The schematic diagram is shown along with the optical image in (b) represents the glowing 
bulb- like structure. (c) the SEM image of the obtained product. Adapted with permission [20]. Copyright 
(2019), Elsevier.
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fabricating nanocomposites of metals with MXenes. Their combination shows an admirable variety  
of properties, where additives can accommodate MXene layers and helps to suppress the restacking  
issue. The nanocomposites, along with MXenes, enhance the specific capacitance by five times  
compared to the pristine MXene. Furthermore, the exfoliation of MXene shows a stacked- layer  
structure that allows the intercalation of electrolytic ions, which further results in materials that can  
significantly store energy for various applications. In addition, MXenes have hydrophilic properties, 
resulting in higher electrode stability for the fabrication of SCs. Among the multiple types of  
MXenes, titanium carbides (Ti

3
C

2
T

x
) demonstrate better cyclic stability and high volumetric capaci-

tance. Depending on the various steps followed for the fabrication of MXene- based nanocomposites  
electrodes exhibit different performances and store an appreciable amount of energy. Li et al. [22]  
fabricated the MXene- silver nanowire- MnO

2
- C- 60 (MXene/ AgNW/ MnO

2
/ C- 60) for supercapacitor  

applications. The as- prepared nanocomposites were further subjected to the 3D printing benchtop  
robot along with the ink controller, whose synthesis route is shown in Figure 17.6, and targeted for  
the electrochemical performance where GCD and stability were tested. The device showed a specific 
capacitance of 216.2 mF/ cm2 at 10 mV/ s along with a high areal energy density of 19.2 µWh/  
cm2 at a power density of 0.86 mW/ cm2. The real- time fabricated device showed capacitance reten-
tion of 85% after 10,000 cycles at 200 mV/ s. The introduction of C- 60 allows the proper reduction in  
friction between the adjacent layers of MXenes, decreasing the resistance and allowing them to slip  
over each other and the entire bulk material. This decrease in resistance enhances the capacitance  
due to a large number of ion transport behavior along with the interpenetrated hierarchical network  
structure in the printed electrodes.

Electrostatic interaction controls the weak gelation in MXenes, making it difficult to fabricate  
a variety of 3D MXene aerogels. Therefore, many scientists use an additive approach for the fabri-
cation of MXenes. But adding additives leads to a high relative ink concentration, which further  

FIGURE 17.5 (a) Represents the MAX phase of MXenes and (b) HF- treated MXene sheets after sonication. 
Adapted with permission [16]. Copyright (2012), American Chemical Society.
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results in agglomeration of these nanosheets along with low diffusion kinetics and surface accessi-
bility. To resolve the issue, Yang et al. [23] and his team fabricated an additive- free MXene structure  
using 3D printed template- assisted assembly. The exfoliation of the MXene sheet is followed by the  
freeze- drying process using a significant direct ink writing amount which is further followed by the  
hollow resin template via digital light processing 3D printing using stereolithography and insertion  
of Na- ions for the formation of the nanocomposites. The developed MXene microlattice structure  
was further transferred for the electrochemical testing which exhibited discharge- specific capaci-
tance of 7.5 F/ cm2 at 0.5 mA/ cm2 with higher mass loading of 54.1 mg/ cm2 with an areal energy  
density of 0.38 mWh/ cm2 at a power density of 0.66 mW/ cm2. The higher mass loading effectively  
achieves high- performance SCs, providing a large surface- area- to- volume ratio and stopping the  
solid diffusion into the electrodes. However, high areal capacity might lead to the dead zone of  
active materials resulting in poor cyclability, which is overcome by the insertion of Na- ions into the  
MXene structure leading to the tortuosity- designable structure providing efficient ion- transportation  
and electrolyte permeation pathways.

17.3.2  nanocoMPosites of Metal oxides for 3d- Printed scs

The porous nanostructure provides many active sites, fast electrode/ electrolyte interaction, and ion 
transport/ electron exchange, enhancing the SCs rate capability and power density. Besides all the 
factors, cost consideration is also an important key leading to considerable research for developing, 
designing, and synthesizing different metal oxide- based compounds and composites. Metal oxides 
generally show pseudocapacitive behavior for energy storage applications. They are widely explored 
due to their high theoretical specific capacitance and reversible redox reactions, leading to higher 
specific capacitance than carbon- based materials [24]. Combining these metal oxides with other 
compounds to form nanocomposites might result in a synergistic effect leading to their better per-
formance than metallic oxide; the combination also features the enhancement of conductivity and 
energy density via multiple oxidation states and a conducting substrate. The noble metal oxide- based 
composite ruthenium oxide (RuO

2
) with different combinations is preferred during the ongoing 

global research due to its theoretical specific capacitance (≈ 2000 F/ g) and long- life cycle. RuO
2
 is 

so dense that ion/ electron insertion and extraction are challenging, leading to the fall of its practical 
specific capacitance to 700 F/ g on Ti substrate. However, its nanocomposite with CNT resulted in 
a specific capacitance of 1170 F/ g [25]. Due to its low quantity in the Earth’s crust, Ru has become 

FIGURE 17.6 Synthesis route showing the fabrication of 3D printed MXene- based nanocomposites electrode. 
Adapted with permission [22]. Copyright (2020), John Wiley and Sons.
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an expensive material, and its commercialization has become difficult for scientists. Therefore, 
researchers look for different nanocomposites.

Among other metal oxides, manganese dioxide (Mn
x
O

y
) and its nanocomposites have attracted  

scientists’ attention due to the high theoretical specific capacitance of manganese dioxide (~1370 F/  
g), low cost, and low toxicity. Its abundance in nature allows for overcoming the shortcomings issues  
of rare earth metals- based oxides. However, the Mn

x
O

y
 electrode’s performance and characteristics  

are limited due to its low conductivity. The crystal structure and crystallinity of Mn
x
Oy could affect  

the charge storage capacity. The effect of crystallinity can be seen in different levels of crystalline  
materials, such as a specific capacitance of 200 F/ g at 1 A/ g was observed for poorly crystalline  
Mn

x
O

y
 which could be due to the intergrowth of a distinct tunnel leading to difficulty in cation  

diffusion and results in a higher resistance, whereas, the highly crystalline Mn
x
O

y
 showed a specific 

capacitance of 539 F/ g. The energy storage process in Mn
x
O

y
 is mainly owned by the transition 

between the different oxidation states and the reversible redox reactions. The microstructure  
is largely responsible for cycling stability, whereas chemically hydrated conditions are primarily  
responsible for high specific capacitance. The combination of Mn

x
O

y
 with various materials shows  

improvement in crystallinity and enhances the electrical conductivity of the Mn
x
O

y,
 which further  

enhances their specific capacitance. Rezaei et al. [26] synthesize the Mn
3
O

4
/ pyrolytic carbon (PC)  

nanocomposites using the acrylated monomers to print complex 3D structures via a pyrolysis fur-
nace. The obtained complex was further doped by the Mn

x
O

y
 using a one- step wet chemical reduction 

method, as shown in Figure 17.7. The obtained structure during the SC performance showed  
a specific capacitance of 186 F/ g at 0.5 mA/ cm2. Moreover, they leach the sample and perform the  
testing in an HCl electrolyte, where the sample exhibits a specific capacitance of 457 F/ g at 0.5 F/  
cm2 and capacitance retention of more than 92% after 5000 cycles. The prepared electrodes demon-
strate high cyclability due to the substrate’s low ionic and intrinsic resistance, allowing the high  
capacitance performance.

FIGURE 17.7 The schematic diagram (a) represents the free- standing procedure configuration. (b) Shows 
the synthesis of MnO

2
 on the 3D printed polymer structure. (c) The various steps of the model and their printed 

structure. (d) Shows the pyrolysis and drying process if synthesized 3D model. (e) Magnified image of the as- 
prepared electrodes. Adapted with permission [26]. Copyright (2022), American Chemical Society.
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Yao et al. [27] fabricated the MnO
2
/ graphene aerogel (3D- G) using single- layer GO sheets which  

were sonicated and transferred to the syringe barrel for extrusion through a 400 µm nozzle to obtain  
a 3D structure on a glass substrate. The accepted 3D structure was further annealed to form 3D- G  
aerogel on which MnO

2
 nanosheets were electrodeposited, as shown in Figure 17.8. The obtained  

product was subjected to electrochemical performance with the high mass loading of 45.2 mg/  
cm2 on electrodes delivered an areal and volumetric capacitance of 115.5 F/ cm2 and 11.55 F/ cm3  
at 0.5 mA/ cm2, demonstrating excellent electrochemical performance and rate capability. The 3D-  
G aerogel provided a large surface area due to the porosity and periodic arrangement of the pores  
allowing the fast diffusion of ions into the surface of the electrode. The multiple oxidation states of  
MnO

2
 on the surface of 3D- G aerogel showed the hybrid capacitive behavior enhancing the perform-

ance of the real- time fabricated devices.
Iron (Fe) is another readily available material having three different oxidation states, allowing it  

to form multiple oxides (Fe
2
O

3
, Fe

3
O

4
, and FeO), which shows excellent behavior for electrochem-

ically stored energy. In past, solution- based technologies were used to generate many iron oxides  
and composites, which were then used as electrode materials for electrochemical energy storage.  
However, iron oxide has relatively high conductivity, but a low specific capacitance compared  
to other metal oxides, limiting its practical usage. Researchers devote time to eliminating these  
drawbacks via incorporating high- conductive materials, increasing the surface area by designing  
the nanostructure, and combining with different materials to form Fe- based nanocomposites. Lai  
et al. [28] synthesized the nitrogen- doped carbon network (C) along with iron oxide (Fe

2
O

3
) to  

create the nanocomposites (N- C/ Fe
2
O

3
). The required precursors for 3D printing were fabricated  

via various synthesis routes, and the prepared ink was used in 3D printing to obtain 3D- printed  
electrodes. The fabricated electrode exhibited 377 F/ g at 2 mV/ s and an energy density of 114  
Wh/ kg. The high electrochemical performance was attributed to the cross- coupled microstructures  
representing their homogeneous anchoring which helped to avoid the dead zones of the materials.  
The 3D printed material containing a carbon source showed an excellent ionic absorbing tendency  
due to the inhibition of the agglomeration of ions. The structural transmission of Fe

2
O

3
 exhibited  

the triangular GCD curves indicating its pure capacitive behavior and identical charging and dis-
charging curves, resulting in symmetrical SCs. The nanocomposites show high performance, the  
anion species exhibited strong specific adsorption in all solvents, and the additional charge- storage  

FIGURE 17.8 The schematic diagram represents the 3D G aerogel/ MnO
2
. Adapted with permission [27]. 

Copyright (2018), Elsevier.
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capacity was due to the Fe
2
O

3
 coating. As Fe- based materials demonstrate sluggish kinetic reactions  

at a higher rate, therefore, researchers are looking forward to various types of nanocomposites which  
can elucidate the issue of low specific capacitance and poor stability.

Among multiple metals, nickel- based composites show better performance compared to other 
nanocomposites as they improve the charge storage capacity and form the nanopores due to the 
decomposition resulting in high conductivity and fast ionic transport through the electrolyte. 
Moreover, the C- doped nickel oxide (NiO) based nanocomposite was fabricated by Zhang et al. [29] 
via the facile electrohydrodynamic (EHD) and used for 3D printed C/ NiO networked as SCs elec-
trode. The schematic synthesis route is shown in Figure 17.9, indicating the array- like structure. The 
obtained electrodes in electrochemical characterization exhibited a specific capacitance of 79.1 F/ g 
at 60 µm spacing between the fibers. The spacing between the fibers allows the interaction between 
the electrode and electrolyte interface resulting in fast and quasi- reversibility during the CV curve, 
exhibiting the contribution of both carbon and NiO. The NiO- based nanocomposites store charges 
via fast redox reactions at the electrode/ electrolyte interface, indicating that they could be used as 
high- performance and low- cost electrode materials in SC devices. The pre- oxidation of Ni(NO

3
)

2
 

ink onto a substrate forms the porous structure. This porous structure with open micropores help in 
the penetration of electrolyte and allows penetration to produce a fast redox reaction and a shorter 
ionic diffusion path, which plays a vital role in enhancing the capacitive behavior of these metal 
oxide- based nanocomposites.

17.3.3  nanocoMPosites of Metal sulfides for 3d- Printed scs

Recently, metal dichalcogenides (MCs) have attracted researchers due to their 2D layered structure, 
high conductivity, and widespread applications in charge storage devices. These dichalcogenides 
form multiple layers, and their defective engineering allows researchers to tune the properties 
according to their applications. Most MCs are prepared using the selective synthesis approach 
allowing researchers to prepare these compounds widely. MC combines transition metal (TM) 

FIGURE 17.9 The visual diagram indicates the EHD 3D printing route for the Ni- based nanocomposites. 
Adapted with permission [29]. Copyright (2021), Elsevier.
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elements from Groups IV- VII B of the periodic table with elements from Group VIA, such as sulfur, 
selenium, and tellurium, to form two crystalline layers of material. The general formula of MCs is 
MX

2
, where M is a transition metal element, and X is a chalcogen atom. The bandgap of MC type 

materials lies between ⁓ 0– 2 eV, and the crystal structure is similar to pure graphene, having zero 
bandgaps. MCs are chemically reactive due to the availability of many electrochemically active 
surfaces, along with deeper penetration of electrolytes and metal ions into the electrode’s intercal-
ation sites. High electrical conductivity and short diffusion path make them suitable for applications 
in SCs. However, these 2D layered materials or single metal- based chalcogenides are unstable as 
their stability is generally phase- dependent, making it hard to integrate them into real SCs devices. 
These days, scientists are looking for stable and highly electrochemically active nanocomposites 
of metal sulfides, which can be achieved by using binary chalcogenides. The exceptional stability 
is due to their high electrical conductivity and more prosperous redox- active sites. Song et al. [30] 
take advantage of 3D printing and fabricated the reticulated lattice structure possessing mesoporous 
characteristics via octet- truss lattice (OTL) substrate. The OTL substrate was then subjected to elec-
troless plating through a stereolithography process to fabricate the cobalt- nickel sulfide (CoNi

2
S

4
)/ 

OTL and dip coating of carbon materials (CM- like CNT) for enhancing the cyclic stability. The 
process is described in Figure 17.10. While growing CoNi

2
S

4
 on OTL, the precursors have OH-  ions 

originating from H
2
O decomposition in the anode. The obtained cascade structure maintains the 

continuity of the conductive materials and uniformity in the deposition of ions on the surface.
The BET test revealed the size of powdered CoNi

2
S

4
 of 1 nm, providing several routes for trans-

mitting electrons and ions between the electrolyte and activated materials. The fabricated electrodes 
were further transferred for the electrochemical characterization where the CV curve indicated 
redox behavior of Co2+ / Co3+  and Ni2+ / Ni3+  based on Equations (17.3) and (17.4):

 CoNi
2
S

4
 +  2OH-  ↔ CoS

2x
OH +  2NiS

2- x
OH +  2e-  (17.3)

 CoS
2x

OH +  OH-  ↔ CoS
2x

O +  H
2
O +  e-  (17.4)

The GCD shows the symmetrical curves indicating the high coulombic efficiency at a lower  
electrodeposition time, but as soon as the electrodeposition time increases, the discharge time  
decreases, leading to the agglomeration of CoNi

2
S

4
 nanosheets referring to dead volumes on the sur-

face of the electrode. Therefore, deposition timing plays a significant role in the performance of the  
SCs. A deposition time of 15 min is quantitively optimized for the SC electrodes indicating a specific 
capacitance of 3.17 F/ cm3 (or 1216 F/ g) at 5 mA/ cm3. These excellent results tend researchers  
to fabricate the lattice asymmetric all- solid- state SC (LASC) using two electrodes, CoNi

2
S

4
/ Ni/ OTL  

and CM/ Ni/ OTL, as anode and cathode. The CM contains the CNT, whose amount decides the per-
formance of LASCs as the amount of CNT increases the stacking phenomena, leading to a specific  
capacitance of 597.6 mF/ cm3 (or 157.6 F/ g) at 1 mA/ cm3 with 40% capacitance retention. Still, two  
parameters remain challenging for 3D- printed SCs, i.e., a well- designed framework to provide a  
large surface area with high mass loading and enough toughness to provide repeated deformations.  
Therefore, Mei et al. [31] use photo- polymerization of liquid- sensitive materials through UV light,  
destroying the limit caused by other 3D- printing technology. This photo- polymerization allows for  
the development of the auxetic type of structure that contracts on compression and expands laterally  
during stretching which further provides strength to the overall system of ideal electrode framework 
for SC applications. The fabrication of CoNi

2
S

4
/ NiCo- based nanocomposite was done after  

designing the physically developed layer. The dopping of Ni via electroless deposition is followed  
by the electrodeposition of NiCo on its surface and the secondary deposition of CoNi

2
S

4
 on the   

3D- developed electrode. The nano- sized crystalline electrode having a high surface area was  
subjected to optimize the electrochemical performance. Ni and Co ion during electrochemical testing  
confirms the reversible redox activity and the anodic and cathodic peaks through CV testing. The  
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stretchable synthesized electrode facilitates the transfer of ions and electrons between the electrolyte  
and electrode interface resulting in discharge volumetric C

sp
 of 28.5 F/ cm3 along with 92.2% capaci-

tance retention. This implies strong and cohesive forces between the hierarchical nanocomposite  
and 3D current collectors. The lowest calculated resistance of 1.38 Ohm indicates the synergistic  
effect between these composites.

The other nanocomposite attracting researchers is copper (Cu)- based nanocomposite due to 
the naturally occurring state of Cu being corrosion- resistant to improve the SCs cyclability. The 
composite of Cu helps achieve high stability and large porosity for high- performance SCs. Tung 
et al. [32] use freeze gelation and 3D printing technology to fabricate rGO/ copper- cobalt sulfide 
(CuCo

2
S

4
)- based nanocomposite electrode. They use the hydrothermal method for the fabrication 

of rGO/ CuCo
2
S

4,
 where rGO was prepared using a modified hummer’s method. The formation of 

FIGURE 17.10 (a) The schematic illustration of the stereolithography process using the photosensitive layer 
structure. (b) The diagram indicates the fabrication route for the CoNi

2
S

4
/ Ni/ OTL and CM/ Ni/ OTL. Adapted 

with permission [30]. Copyright (2018), American Chemical Society.
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voids due to the presence of phenol is observed leading to an increase in the interfacial area and, 
hence, the capacitance value. Furthermore, the CV curve indicates the pseudocapacitive behavior by 
the redox peaks of both pairs Cu2+ / Cu+  and Co4+ / Co3+ , and the rectangular curve signifies the EDLC 
behavior. A specific capacitance of 1123 F/ g at 5 mV/ s using the CV curve while the GCD displayed 
a specific capacitance of 417 F/ g at 125 A/ g with 91.2% capacitance retention after 20,000 cycles. 
The reason for such a high specific capacitance was the low charge- transfer resistance (R

ct
 of 1.035 

Ohm) offered by the electrode during the electrochemical activity. Moreover, the efficient approach 
for developing the metal sulfide for 3D- printed SC with a well- aligned structure helps outperform 
other nanocomposites.

17.3.4  nanocoMPosites of Metal PhosPhide for 3d- Printed scs

Metal oxides/ hydroxides are the preferred candidates for the kinetically occurring fast electron trans-
port reactions. Transition metal sulfides are widely used in asymmetric SC due to their excellent 
electrochemical and electrical conductivity. Among these compounds, the bimetallic sulfide- based 
composites outrage the metallic sulfides, but their single- layer structure and parallel composition limit 
their specific capacity and electrochemical properties. The rational design of these nanostructured 
composites allows them to have a high specific surface area boosting their electrochemical proper-
ties. Nowadays, researchers focus on metal phosphide- based compounds and their nanocomposites 
due to their superior electrical conductivity and metalloid character. These metal phosphide- based 
composites facilitate elemental doping, and their nanostructure allows to fasten the kinetics of redox 
reactions. The foreign transition- metal ions modify the electronic structure and realign valence 
electrons to facilitate electron transfer; also, the large number of active sites provide a higher sur-
face area leading to suitable composites for the 3D- printed SC devices. Generally, transition metal 
phosphide- based composites have high-  theoretically specific capacitance only due to their better 
redox activity and ideal electrical conductivity. For example, the structure of Ni

2p
 is compared with 

Ni fcc structure, but when Ni
2p3/ 2

 and P
2p3/ 2

 are combined, their binding energies (BE) are substantially 
lower than that of oxide compounds, resulting in lower electric susceptibility ∆χ leading the higher 
conductivity than oxides of the same element. Ni- P has different phases allowing them to form crys-
talline and amorphous morphology leading them towards the hybrid type of performance.

Xue et al. [33] used stereolithography- based technology due to its low cost, and ease of 
processability for the fabrication of the complex polymer- based structure. The octet- truss topology- 
based SC has been developed using the substrate of acrylic polyester, followed by the electroless 
deposition of nickel phosphide (NiP)- based compounds. The NiP was further targeted for the depos-
ition of rGO to obtain NiP/ rGO as shown in Figure 17.11. The obtained octet- truss system exhibits 
high mechanical strength and structural integrity after the coating of Ni

2
P and could be easily scal-

able. The electrochemical characterization of the fabricated real- time SC reveals the high specific 
capacitance of 57.75 mF/ cm2 at 2 mA/ cm2 along with 70% capacitance retention when moving to 
2– 40 mA/ cm2 and 96% life cyclability after 5000 cycles.

The above study opens a new door for the detailed discussion on numerous research which  
provides information about the phosphide- based 3D- printed SCs. Among them, Yu et al. [34] and  
his team fabricated the bimetallic nickel- cobalt- phosphide (NiCoP)/ MXene- based nanocomposite  
using the in- situ coupling. The 3D printed technology is used for the fine printing of electrodes  
where the NiCoP bimetallic compound along with MXene is prepared using the hydrothermal syn-
thesis route, and the ink is prepared using CNT suspension. The developed electrodes are further  
subjected for application in SCs where they exhibit a specific capacitance of 1359 F/ g at 1A/ g as  
well as the areal and volumetric capacitance was calculated to 20 F/ cm2 and 137 F/ cm3 at 10 mA/  
cm2 along with the 90% charge retention after 5000 cycles at 100 mA/ cm2 current density. The  
reason for the high specific capacitance lies behind the doping of MXene and phosphorus, creating a  
large number of vacancies and allowing the incorporation of electron/ ion transport easier. The high  
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stability of phosphide- based compounds allows the symmetrical CV curves to indicate the complete  
suppression of the available oxygen inside the real- time fabricated ASC. This ASC exhibits the non-  
linear CV curves indicating the hybrid type of performance, which further results in 3.29 F/ cm2 at  
10 mA/ cm2 and capacitance retention of 88% after 5000 cycles. The as- synthesized ASC exhibits  
the areal and volumetric energy density of 0.89 mWh/ cm2 and 2.2 mWh/ cm3. The stable conductivity 
has been depicted in the high- frequency region along with high ionic diffusivity in the low-  
frequency region, which is demonstrated by the slope change lines during the cyclability. Among the  
variety of nanocomposites, molybdenum phosphide (MoP)- based nanocomposites are also suitable  
for charge storage devices due to their adjustable engineering and particle size. Zhong et al. [35]  
used surface anchoring for the diffusion of potassium (K+ ) to reduce the volume expansion of the  
MoP during the charge/ discharge process. They synthesized the bulk MoP using the hydrothermal  
method followed by 3D printed process which is depicted in Figure 17.12. In addition, they show  
the interconnected networks along with the mechanically stable structure allowing it to transport an  
adequate amount of charge.

Mo4+ / Mo6+  when incorporated with C, provides large mesoporous structures to the composite 
for the transport of ions and storing of more charges. The size of the MoP nanoparticle doped with 
C enhances the electrochemical properties. A specific capacitance of 256.1 mAh/ g at 0.1 A/ g was 
observed. The MoP@C nanocomposites indicate the synergistic effect between them due to the for-
mation of uniform bonds. The nanoparticle size allows the crystallite to develop extra active sites 
for different energy levels capturing K+  ions. As the particle size decreases, it converts the covalent 
bond between the MoP to the ionic, which further creates the heterojunction between the MoP@C 
nanocomposites, enhancing the electrolyte adsorption as the electronic conductivity.

FIGURE 17.11 The schematic diagram (a– d) indicates the actual synthesis route for the preparation of 
3D structure. (e– f) Depicts the magnified structure of composite. Adapted with permission [33]. Copyright 
(2019) The authors. Published by Springer. This article is distributed under the terms of the Creative Commons 
Attribution 4.0 International License.
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17.4  CONCLUSION

It is seen that energy capacity gadgets are moving towards an adaptable and scaled- down variant 
of conventional hardware. Alongside that, picking the most proficient nanocomposites is a sig-
nificant piece of the supercapacitor’s energy storage enhancement. Likewise, gathering various 
SCs assumes a considerable part in presentation as hybrid ones have exhibited better execution 
in contrast with different kinds of energy stockpiling gadgets. Another component that considers 
nanocomposite cathodes appealing candidates is their structure and morphology, which can be 
effectively integrated. Most of the reports portray the utilization of carbon- based nanomaterials 
to form nanocomposites. However, there is a rising number of logical articles effectively consoli-
dating different materials, for example, metal oxides, progress metal dichalcogenides, MXenes, 
etc. Likewise, forming a composite with these nanomaterials has exhibited a critical improvement 
in the general electrochemical execution of their separate cathodes. There are still a few difficulties 
to conquer, like working on the centralization of electroactive composites, diminishing the utiliza-
tion of expensive surfactants, and expounding procedures that can be performed with nothing or 
common misuse of parts. Despite these disadvantages, the opportunities for assembling electronic 
gadgets, in a perfect world in any state of 2D or 3D designs that can be bowed or wound some-
what, close by being more modest in size while conveying parallel execution as their bulkier and 
unbending partners it is the subsequent stage on mechanical development for these gadgets. Apart 
from this, efforts to widen the range of applications of these nanocomposite materials are being 
adapted for fuel cells, sensors, or biological applications, even though those are still in the infant 
phase. Through that, it is likely that a considerable part of research in the field of energy storage 
application and reasonable that a significant piece of the examination in a lot of energy will be 
committed to adaptable SCs.
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18.1  INTRODUCTION

The entire spectrum of human activities is full of sensors and their applications, from the switching 
of home electronics equipment to the manufacture of advanced military and healthcare devices. 
These sensors make it easier for people to live in the modern world [1]. By definition, a sensor is a 
device that detects or measures the variations or modifications of physical, chemical, or biological 
properties and gives the output as a readable electrical signal. Historically, sensor technology was 
founded in the nineteenth century, and later, thousands or more different types of sensors were 
developed and deployed with various successes. Over the years sensor technology has been used 
to improve the sensitivity, accuracy selectivity, precision of many automated electronic devices 
(AED), and resolution with rapid response times [2]. This is because the sensor is inevitably used 
as a monitoring unit in many AEDs, making it an important tool in the efficient operation of every 
household or industrial activity today as well as in the future. However, sensors have significant 
limitations such as expensive fabrication methods, instruments, need for trained operators, special 
materials, etc, which constrain their widespread use. Thus, new fabricating strategies are required 
to meet the expected goals. Thereby, the processes of sensor fabrication have evolved exponentially 
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over the past few decades. Laboratory and commercial- related sensors are being used to manufac-
ture using 3D- printing techniques, which could be a turning point in this field [2]– [5].

The performance of a sensor is primarily determined by the electromechanical properties of its 
conductive materials. Sensors have now been developed using various conductive materials such 
as metals, conductive polymers, and carbon- based materials as sensing elements. However, metal 
electrodes are expensive, and in this context, much attention is focused on using them as carbon- based 
composite filaments to develop cost- effective sensing platforms. Also, the inclusion of nanomaterials 
in the sensor element has created a valuable opportunity to develop miniaturized sensors with 
superior sensor characteristics. Carbon- based nanomaterials, such as CNT and GR, have attracted 
the attention of scientists because of their ability to covalently binds with other materials. It leads 
to high strength, high density, and high hardness of the final material. Thus, CNTs, GR, and their 
composites have been extensively studied in recent years to determine their suitability for various 
sensing applications. Previous literature, therefore, indicates that CNT, GR, and their composites 
are acceptable alternatives to conventional materials due to their extremely high surface- volume 
ratio, chemical and thermal stability, mechanical strength, flexibility, high current carrying cap-
acity with controllable bandgap, and cost- effectiveness [6]– [8]. Consumer demand for electronics, 
robotics, and internet applications is increasing day by day. The above- described features of carbon- 
based materials can fulfill the increasing demand for sensors. As a result, although this is already 
a widely studied field of research, the amendment of sensor fabrication using 3D- printed carbon- 
based nanomaterials will take the world to a new level. This chapter explores recent developments 
and limitations in 3D- printed carbon- based nanomaterials, highlighting that it is a promising candi-
date for the development of sensors.

18.2  WORKING PRINCIPLE OF SENSORS

Every sensor has its sensing elements and mechanisms with unique functions. A sensor is a module 
or chip of a complex AED, which is made to measure ambient conditions. Generally, the sensing 
device consists of a selective recognition phase and the transducer. Upon receipt of the input signal 
(mechanical, thermal, magnetic, electric, chemical, radiation, etc.) across the selective recognition 
phase, the sensor generates the output electrical signal. Upon receipt of the input signal across the 
selective recognition phase, the sensor generates the output electrical signal. In some cases, an 
output signal is followed through a signal conditioning unit to amplify the signal levels to meet 
the requirements of subsequent standard equipment or device. The resulting output signal can be 
displayed or recorded as numeric data, text, graphics, and diagrams (Figure 18.1a) [2], [9].

18.2.1  tyPes of sensors

Sensors and sensing technologies are classified based on various criteria such as applications, 
materials used, and some production technologies. One of the most commonly used classification 
systems is a classification based on detection parameters at ambient conditions (Figure 18.1b). Many 
of the sensors show sensing mechanisms based on the capacitive, resistive, inductive, magnetic, and 
field- effect transistor properties of the sensing material [8], [10].

The capacitive sensing devices usually consist of two electrodes and a dielectric central layer. 
When functioning, external factors induce spatial change between the three layers, resulting in vari-
ation of capacitance with the current or voltage. The output signal relies on the altered spacing and 
area of electrode plates caused by physically stimulated deformation [2]. The capacitive sensing 
mechanism enables to detection of many types of sensors including pressure, strain, force, displace-
ment, humidity, fluid level, acceleration, and biological molecules. In addition, capacitive sensors 
have the advantage of a simple device structure, low power consumption, low detection limit, fast 
dynamic response, and endurability which have been applied in a wide application range [11], [12].
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According to the definition, resistive sensors measure the change of electrical resistance in  
response to the external non- electricity quantity. Depending on the sensing mechanism and type  
of change, resistive sensors are further classified as potentiometric sensors, resistive temperature  
sensors, photoresistive sensors, piezoresistive sensors, magnetoresistive sensors, chemoresistive  
sensors, and bioresistive sensors [9]. Resistance changes that can happen due to various external  
stimuli are presented in Table 18.1.

Inductive sensors use electromagnetic induction to detect or measure electric and magnetic fields 
or other physical quantities such as displacement and pressure. These sensors do not require physical 
contact but can only detect metal targets. Non- metallic impurities (e.g., water, dirt) do not interact 
with the sensor. This feature allows inductive sensors to use in military equipment, robotics, aero-
space, traffic lights, rail, car washes, and metal detectors [13]. Based on sensing principles, magnetic 
or electromagnetic sensors contain enormous amounts of sensors such as anisotropic magnetoresist-
ance, giant magnetoresistance, tunneling magnetoresistance, the Hall effect, magnetoimpedance 
(MI) sensors, etc. Generally, a magnetic sensor operates based on the magnetic field, to detect 

FIGURE 18.1 Schematic illustration of general sensing mechanism of a sensor with an example of an 
electrical gas sensing process and sensor classifications according to the detection properties. Adapted with 
permission [19]. Copyright (2022) American Chemical Society.

TABLE 18.1
Types of Resistive Sensors

Type of Sensor Input Signal for the Resistance Change

Potentiometric sensors Linear or angular position change
Resistive temperature sensors Temperature variation (thermoresistive effect)
Photoresistive sensors Light strikes a photo conductive material (photoresistive effect)
Piezoresistive sensors Force is applied to a piezoresistive conductor (piezoresistive effect)
Magnetoresistive sensors In the presence of an external magnetic field (magnetoresistive effect)
Chemoresistive sensors Conductivity change in a material or solution due to chemical reactions that alter the 

number of electrons or concentration of ions
Bioresistive sensors Bioresistance change in proteins or cells induced by structural variations and biological 

interactions
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magnetically active objects [14], [15]. Among the various types of sensors, research interest is 
increasing in the field- effect transistor (FET) for biosensing. A FET employs a semiconducting/ 
conducting polymer material for the channel bridging two electrodes, the source and the drain. The 
channel exhibits sensitivity towards analyte concentration changes. For instance, a graphene- based 
FET sensor contains a graphene channel. By detecting the binding of the target analyte, the current 
through the transistor changes and sends an electrical signal [16]– [18].

18.2.2  flexiBle and stretchaBle sensors

Flexible and stretchable sensors can be incorporated into a variety of equipment with intricate arbitrary 
shapes. These are often used as potential detection tools in biomedical applications. The sensor material 
present in flexible and stretchable sensors should be biomimetic. Low modulus, low bending stiffness, 
ultrathin features, or elastic response to strain deformations features are essential to provide intimate 
contact with biological tissues and irregular/ deformed surfaces. Metal- contained materials presented 
excellent electrical and thermal conductivity. However, the relatively high density, corrosiveness, fra-
gile conductive network, and cost of the metals restrict the practical production of wearable sensors. 
The main parameters for evaluating wearable sensor performance are sensitivity and stretchability 
[20]. Usually, the electronic circuit of the flexible sensor builds on top of the stretchable polymeric 
substrate such as polydimethylsiloxane, Ecoflex, polyurethane, polyethylene terephthalate, polyimide, 
and silicon/ natural rubber [8]. These substrate materials can be 3D printed under ambient conditions 
to create relatively thin multi- material devices. However, the printed substrates are unable to maintain 
their geometric fidelity due to (i) the low elastic modulus of the pre-  and post- cured material and (ii) 
deformation under gravity before curing [21]. In recent years, conductive carbon materials (GR and 
CNT) with chemical stability, mechanical strength, and electrical conductivity have received countless 
attention as conductive matrices for electronic circuits. Therefore, GR and CNT were introduced to the 
conductive network to be more stable during deformation in flexible sensors.

18.2.3  figures of Merit of sensors

Sensitivity to any parameter is liable for errors, and it is important to minimize those errors effect-
ively. Accordingly, the accuracy, precision, sensitivity, linearity, and resolution characteristics of a 
sensor must be well- defined. In addition, the range, reproducibility, repeatability, response time, 
frequency range, impedance, and signal- to- noise ratio of a sensor should be appropriate for the 
applications [2], [9]. Thus, the specification or transfer characteristic (offset, sensitivity, or both) 
must be well- defined and stable for any new sensor.

18.2.4  faBrication of sensors Via 3d Printing

There are two ways to develop a sensor using 3D- printing technology (i) embedding an existing sensor 
into a printed structure and (ii) printing the entire sensor [3], [4]. As per the previous discussion, sensors 
can be constructed to determine even non- electrical signals, by selecting the appropriate material. As 
a result, many 3D- printing approaches with different materials such as metals, conductive polymers, 
carbon- based materials, and their composites, have been suggested for the fabrication of sensors over 
the years. Particularly, the sensing platforms developed through 3D- printed one- dimensional CNT and 
two- dimensional GR- based compounds will discuss in the following sections.

18.3  ROLE OF 3D PRINT IN THE FABRICATION OF SENSORS

3D printing is a rapidly growing digital fabrication technology that has a critical role in modern 
interdisciplinary research and industry. In 3D printing, objects are created by adding material layer 
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by layer with computer- controlled transformation stages according to the digital model files (soft-
ware data). Unlike traditional methods that require molds, dies, or lithographic masks, the digital 
assembly of 3D- printing technology makes it possible to quickly create 3D prototypes using 
computer- aided designs (CAD) without wasting excess material. This revolutionary technology has 
already been applied to many industries. Similarly, a large number of new sensors thrived around 
the world in the late nineteenth century, based on the invention of 3D- printing techniques. Most of 
the time- consuming and expensive manufacturing techniques have been overshadowed by rapid, 
efficient, and cost- effective 3D- printing processes [22], [23].

The 3D- printing procedure consists of three important steps: (i) modeling of CAD, (ii) printing, 
and (iii) postprocessing. The design of the CAD model is a complex computational process. Firstly, 
the digital data is collected by a 3D scanner or simple digital camera with photometry software. 
The collected data is then converted to stereolithography (STL) file format. Before printing a 3D 
model from an STL file, should be examined for defects with holes, self- intersections, manifold 
errors, etc. that may occur during printing. Then, the STL file needs to be processed by a slicer (soft-
ware), which converts the model into a series of thin layers and produces a file (G- code) containing 
instructions that fit into a specific 3D printer. Finally, with the use of this G- code file, the 3D printer 
prints materials layer by layer. The 3D- material layer is controlled by deposition rate as set by the 
3D- printer operator, CAD file, and material properties (Figure 18.2). Most commonly high- quality 
materials of polymers, metal, and ceramics, their combination in the form of composites are used 
for 3D printing [3]. With the freedom of customization, the 3D- printing market has attracted the 
attention of a large audience. Recently scientists are trying to 3D print smart materials (materials that 
have the potential to alter the geometry and shape of the object, influenced by external conditions 
such as heat and water) for electronic skins, wearable electronics, and soft robotics manufacturing 
[23]. In addition, 3D bioprinting of implants and organs using bioinks –  biocompatible materials and 
human cells –  is an emerging technique in 3D printing to reduce the wait time for transplants [24]. 
Due to these special features, the 3D- printing technique is used to make various sensors mentioned 
in the above sections.

Mostly, sensors are fabricated through 3D- printing technology was done by printing the sensor 
components directly, printing molds for casting sensors, or by printing platforms integrated with 
commercial sensors. According to the standard terminology for 3D- printing techniques (ASTM 
F2792), there are seven main technologies: (i) binder jetting, (ii) material extrusion, (iii) directed 
energy deposition, (iv) material jetting, (v) sheet lamination, (vi) powder bed fusion, (vii) vat 
photopolymerization. Depending on the technical execution of the processes and material type or 
form, 3D- printing techniques can be further divided into various distinct categories as depicted 
in Figure 18.2. Binder jetting technique mainly uses binders and powders. Usually, the liquid 
binder is selectively deposited into a power bed. Subsequently, a fresh layer of powder spreads 
on the fused layer. The sequence is repeated until the desired 3D object is built. Similarly, 
inkjet printing devices selectively deposit drops of an adhesive or binder ink on a bed of lev-
eled powder. Ink infiltrates into a thin layer (100−300 μm) of a freshly deposited powder bed. 
Stereolithography apparatus (SLA) and selective laser sintering (SLS) create 3D models using 
laser scanning. In SLA the starting material is a liquid photopolymer (mixture of monomer and 
oligomer components) with a viscosity range of ∼100−2000 cP, which is rapidly solidified by a 
scanned UV laser beam under low operating temperatures. The SLS technique uses a bed of fine 
powder (metal and polymers), which can be sintered to solid layers with brief heating to a high 
temperature. The energy need to solidify is supplied by a focused IR laser beam. Digital light 
processing (DLP) is similar to SLA except for the energy source. In DLP projected light source 
is used to cure the photopolymer. Fused deposition modeling (FDM), fused filament fabrica-
tion (FFF), 3D dispensing, and 3D bioplotting fall into the material extrusion category. These 
techniques build 3D objects by heating thermoplastic materials and selectively depositing them in 
layers through a nozzle [4], [24]– [26].
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18.3.1  graPhene- Based 3d- Printed sensors

GR is a material consisting of a ultrathin layer of sp2 hybridized carbon atoms and is one of the 
strongest materials reported so far. In addition, flexibility, elasticity, impermeability, large theor-
etical specific surface area, lightweight, excellent thermal and electrical conductivity properties 
make it becomes a valuable and useful nanomaterial for countless practical applications. Due to the 
successful mechanical and electrical properties of GR, many studies have focused on the use of GR 
and GR- based composites in sensors as well (Figure 18.3). Owing to the 2D nanosheet structure, 
each carbon atom in GR is exposed to its environment, permitting it to detect minuscule changes in 
its surrounding. Furthermore, GR can be modified by chemical doping or aromatic factors and effect-
ively functionalized with a receptor to detect target substances. It allows for the creation of GR- based 
micrometer size strain, gases, pressure, magnetic field, light, and temperature sensors [10], [27], [28]. 
In 2014, 5.6 wt% of the graphene- loaded composite was successfully 3D printed for the first time. In 
this study, graphene oxide (GO) was used as the starting filler material to minimize phase separation 
and clear graphene addition [29]. Infusion of GR- based materials into conventional metals, ceramics, 
and polymers allows for the production of strong, lightweight 3D- printed materials.

Inkjet printable GR offers a breakthrough in the fabrication of sensors. Many researchers and  
industries developed GR- based conductive inks for high- conductive and sensitive sensor films. The  

FIGURE 18.2 Basic principles of 3D printing techniques. Adapted with permission [26]. Copyright (2017) 
American Chemical Society. Adapted with permission [25]. Copyright (2021) American Chemical Society.
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characteristics of inkjet- based printing are controlled by the particle size and structure of the ink.  
Unfortunately, the commercialization of sensors with GR- based inks is hampered by the non- uniform  
particle size and structures of GR. Pristine graphene inks commonly utilize polymer additives to  
maintain colloidal stability and controlled viscosity. In a study, a chemoresistive sensing device  
was fabricated through 3D inkjet printing of pristine graphene- ethyl cellulose- cyrene (pGR/ EC/ Cy)  
composite ink for volatile organic compounds(VOCs) detection at room temperature (Figure 18.4).  
The sensing device displayed a 10- fold improvement in the surface area/ volume ratio compared to  
a conventional drop- casting method with high performances in terms of sensitivity and selectivity  
towards trace amount of VOC (e.g., linear detection range of 5– 100 ppm with A

R
 ∼ 0.45 sensitivity  

towards ethanol at room temperature). Compared to many of the graphene inks reported in the litera-
ture, the new pGR/ EC/ Cy ink provides a facile route to obtaining an environmentally friendly, sus-
tainable, and low- cost chemo- resistive sensor [31], [32]. The main advantage of GR material- based  
gas sensors is that they can operate at room temperature or lower temperatures than gas sensors  
based on metal oxide semiconductors (operating temperature 100 to 1000 ℃). Because it reduces  
the risk of explosion in the presence of combustible gases [33].

FIGURE 18.4 Schematic diagram of the fabrication process of 3D extrusion micro printing of chemo- resistive 
sensors for VOC detection using graphene- based ink. Adapted with permission [31]. Copyright (2021), Royal 
Society of Chemistry.

FIGURE 18.3 Molecular models of graphene; single- layer and graphite; few- layer (left), and promising 
applications of graphene (right). Adapted with permission [30]. Copyright (2011) John Wiley and Sons.
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A high stretchable, durable sensor with extremely stable sensitivity was fabricated to monitor 
the temperature variation of a heated surface and human skin, overcoming the limited capability of 
a stretchable conductor on the sensor upon the large amplitude and frequent stretching. This sensor 
consists of stretchable conductive composites synthesized from the 3D- printed cellular graphene/ 
polydimethylsiloxane. The long- range- ordered cellular architectures have a great potential for stable 
electrical conductivity and enhanced stretchability, due to the fine cellular architecture is capable of 
effectively sharing the external strain. In this study, the three different structural designs, including 
grid, triangular, and hexagonal structures were prepared using the direct ink writing technique and 
compared with the solid form to determine the most stable temperature sensing design under large 
external strain. They confirmed that graphene/ PDMS composites with grid structure showed better 
performances with only about 15% sensitivity decrease at a large tensile strain of 20% and tempera-
ture resolution of 0.5 °C (Figure 18.5) [34].

The ambipolar behavior and nanoelectronic conductance properties of graphene play an important 
role in graphene- based field- effect transistors (GFETs). GFETs offer a versatile platform for chem-
ical, physical, and biological sensing purposes. In particular, the application of GFET to biochemical 
sensing has been the focus of scientists recently [35]– [37]. However, a limited number of researchers 
have reported on GFET made using 3D- printed GR- based materials. Bhat et al. used the nozzle- 
jet printing method to print active silver/ reduced graphene oxide (Ag/ rGO) channel materials on a 
flexible and disposable polymer substrate for the chemical sensor. In this study, facile enzymeless 
phosphate ion detection in aqueous media is reported using a nozzle- jet- printed silver/ reduced 
graphene oxide (Ag/ rGO) composite- based field- effect transistor sensor on flexible and disposable 
poly(ethylene terephthalate) substrate. The nozzle- jet printing method is a simpler and modified form 
of the ink- jet printing technique. The sensor exhibits promising results in the detection of the concen-
tration of phosphate ions with high performance, long- term stability, excellent reproducibility, and 
good selectivity in the presence of other interfering anions such as Ca2+ , Mg2+ , K+ , HCO3−, and SO

4
2−. 

This sensor shows a wide linear range of 0.005−6.00 mM, high sensitivity of 62.2 μA/ cm2/ mM, and 
a low detection limit of 0.2 μM. The overall performance of the Ag/ rGO FET sensors reveals better 
capability than that of the previously reported ones. Therefore, this method yields a low- cost, user- 
friendly sensing device for evaluating water eutrophication in natural water bodies [38].

18.3.2  cnt Based 3d- Printed sensors

Carbon nanotubes were first evidenced in 1991 by the Japanese electron microscopist Sumio Iijima. 
According to the previous literature, CNT is one of the most widely studied nano- structured materials. 
CNT is a single- walled/ multi- walled hollow carbon structure with a diameter of nanometer- scale 
and 1 to 100 microns in length. CNTs possess amazing mechanical and physical properties because 
of the well- ordered arrangement of carbon atoms connected via sp2 bonds. Because of their prop-
erties, CNTs can be utilized in the field of energy storage, molecular electronics, thermal materials, 
structural materials, electrical conductivity, catalytic supports, biomedical, environmental, fabrics, 
fiber, etc [33], [39]. Hence it offers great promises for the next generation of sensors [33].

Similar to GR, the nanocomposites of CNTs are mainly used for sensor development in various  
fields because CNTs can enhance the mechanical, thermal, and electrical properties of the materials  
used for 3D printing [40]. Nonetheless, scientists are working to overcome the challenges in this  
field, including improving the dispersion of the carbon nanotube fillers with binders to prepare  
easily printable inks with stable sensing performance and stable electrical properties. Researchers  
have fabricated 3D- printing nanocomposite polymers using multi- walled CNTs (MWCNT) as  
fillers. Polymethylmethacrylate (PMMA), poly (ionic liquid) (PIL), ionic liquid (IL), and MWCNT  
were mixed to fabricate high conductive and flexible nanocomposite that used for 3D- printed elec-
trochemical sensors. IL was used as a plasticizer and dopant for MWCNT. The composites that  
form after mixing IL and MWCNT have characteristic features including a long lifespan in air,  

 

 

  

 

 

 

 



2893D-Printed Carbon-Based Nanomaterials for Sensors

low weight, and low operating voltage, which are ideal for the fabrication of sensors. PMMA and  
PIL were used to control the mechanical stiffness and ductility of the nanocomposite polymer. The  
highest conductivity of 520 S/ m and enhanced mechanical properties were exhibited with 15 wt.%  
MWCNT. Nanocomposites with all compositions exhibited high thermal stability up to 340 ℃ and  
variable transition temperature depended on the contents of multi- walled CNT and IL [41].

FIGURE 18.5 Optical images of the 3D- printed graphene/ PDMS composites with (a) grid structure; 
(b) triangular porous structure; (c) hexagonal porous structure. Monitoring of the cooling process on a curved 
surface; (d) experimental setup; (e) comparison of the temperature performance between graphene/ PDMS 
composites with a grid structure and commercial temperature sensor; and (f) simultaneous monitoring of wrist 
skin temperature and joint bending. Adapted with permission [34]. Copyright (2019), American Chemical 
Society.
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Attractive properties of hydrogels including biocompatibility, shape- forming ability, swelling 
effect, and stretching ability directed the use of hydrogel as a promising material for flexible liquid 
sensor development. Due to its swelling effect, the hydrogel can provide a qualitative response to 
chemical liquids. However, above mentioned qualitative response can convert into quantitative 
when conductive fillers mix with hydrogel. CNTs and ionic compounds can use as conductive 
fillers and those materials improve the chemical sensitivity of pure hydrogel. The conductivity of 
composite hydrogel varies when it contacts liquid due to the swelling effect. The structure of a 
polymer matrix get expands when liquid is entering into a polymer matrix and expands the distance 
between conductive nanofillers. Composite hydrogel- based liquid sensors have been applied in 
different applications including the detection of the concentration of methanol in fuel cells and the 
detection of organic solvent leakage from gas stations, automobiles, and refineries. Nevertheless, 
traditional liquid sensors have some limitations including accurately recognizing the location or dir-
ection of stimuli and hard identifying micro- sized liquid leakages. Therefore, composite hydrogel 
based on poly (ethylene diacrylate) (PEGDA) and MWCNT was used to make 3D- printed bidir-
ectional liquid sensors using a high- resolution stereolithography technique. A bidirectional liquid 
sensor was developed to identify microdroplet leakage and it contained three- layered 3D- printed 
artificial hair with PEGDA/ MWCNT and pure PEGDA. The bidirectional liquid sensor identified 
liquid leakage separately from two sides with high efficiency. The electrical conductivity of the 
composite hydrogel is adjusted by controlling the swelling of the hydrogel. Absorbing of liquid 
molecules and the swelling effect decreased the resistance of pure PEGDA (top layer). Resistance 
of PEGDA/ MWCNT (lower layer) increased with the effect of swelling due to the incremental 
distance between MWCNT. The 3D- printed mesh- shaped liquid sensor, which was developed to 
identify the position of liquid leakage, identified the position and volume of micro liquid leakage 
in a short time [42].

3D- printable conductive inks fabricated from nanocomposite of CNT and polylactic acid (PLA) 
were used for the fabrication of conductive scaffold structures applicable as liquid sensors. The 
ball mill mixing method was used to mix high concentrations of CNTs (up to 40 wt%) with PLA 
and scaffolds were fabricated using solvent- cast 3D- printing method with different structural 
parameters. The effects of structural parameters (inter- filament spacing (IFS), filament diameter, 
scaffold thickness, and structural patterns) on the sensitivity of liquid sensors were explored experi-
mentally using 3D printing. The optimum liquid sensitivity was exhibited for IFS in the range of 
0.5– 1.5 mm and higher IFS exhibited lower sensitivity because scaffolds are less dense at higher 
IFS and lower total conductivity due to less material contact. The highest sensitivity was obtained 
at the lowest filament diameter (i.e., 128 μm) and sensitivity decreased when increasing the filament 
diameter. Low scaffold thickness provided higher sensitivity because a low number of printed layers 
have a low area of cover surface and since liquid can access the covered surface easily and provide 
higher sensitivity [43].

Generally, the FDM 3D- printing process uses to print thermoplastic material. Nowadays 
researchers are trying to expand the 3D- printing FDM applications using different composite 
materials. Two different approaches use when fabricating functional objects using FDM 3D 
printing; the first approach is to fabricate structural components using 3D printing and then attach 
prefabricated functional devices to the 3D- printed structure, and the second approach is to manu-
facture functional devices using fully composite materials. Kim et al. fabricated a multiaxial force 
sensor that is sensitive to forces in three orthogonal axes using FDM 3D printing. The sensing part of 
the multiaxial force sensor detects the mechanical inputs by changing their resistance and the struc-
tural part of the sensor provides a physical platform for this multiaxial force sensor. Nanocomposite 
composed of thermoplastic polyurethane (TPU) and CNT was used for the fabrication of the sensing 
part using FDM 3D printing. TPU/ CNT has excellent electrical conductivity, piezoresistivity, 
and mechanical flexibility. The force sensor detects multidirectional force- sensing due to its 3D 
cubic cross structure, measuring the force exerted in three individual axes. Previously, multiaxial 
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force sensor fabrication methods initially fabricated individual 1D force sensors followed by 3D 
assembly processes. However, the FDM 3D- printing method facilitates the fabrication of multiaxial 
force sensors without any additional assembly. This multiaxial force sensor is useful for different 
applications including electronic appliances and rehabilitation processes [44].

Many studies have been done on composites derived from GR and CNT for sensing applications. 
However, detailed comparative studies to evaluate the performance of these two materials are rarely 
reported. Li et al. attempted to systematically compare the electromechanical property of inkjet- 
printed CNT- polyimide (PI) and graphene nanoplate (GNP)- PI nanocomposite thin film devices as 
strain sensors. The details of the strain sensor fabricating showed that the thin- film sensing material 
was produced by inkjet printing of CNT/ PI and GR/ PI nanocomposite on flexible PI substrates. 
Inkjet printing technology has made it possible to control the geometry and thickness of thin films 
at the micron level. They observed that the electrical conductivity of both CNT- PI and GNP- PI thin 
film devices exhibits a significant increase in conductivity with low concentrations of CNT and 
GNP, while GNP- PIs have roughly two orders of magnitude higher conductivity than CNT- PIs. 
It confirms the 2D flat sheet shape of GNP can provide a more effective conducting path when 
mixing in a polymer matrix nanocomposite. The gauge factors for GNP- PI and CNT- PI sensor 
devices are 26 and 3.5, respectively. The relatively low gauge content of CNT indicates (i) a less 
effective electron tunneling effect and (ii) a mixing of CNTs with different chirality and alignment 
directions [6].

18.3.3  3d- Printed carBon- Based wearaBle sensors

Wearable sensor technologies provide attractive solutions to our circadian rhythms. This is because 
wearable sensor technologies today have developed to provide unique features that go beyond 
everyday health monitoring. For example, wearable devices with a fall detection feature can detect 
sudden elevation changes. This information can save lives by automatically notifying authorities and 
emergency contacts through the mobile phone- connected instant alert system. Recent advances in 
wearable sensors focus on 3D- printed GR and CNT- based materials were surveyed in this section. 
Based on the unique mechanical and electrical characteristics of GR and CNT, more and more wear-
able sensors have been manufactured by scientists. However, the biocompatibility of GR and CNT 
compounds is still controversial [45]. Therefore, most of the existing literature was published in 
past years based on in- vitro studies. The main limitation of a wearable sensor is the incompact inter-
face and the large impedance between the human body and sensors, which will decrease the signal 
quality. In addition, diversity and the high level of environmental noise of the input biosignals make 
it difficult to create an ideal wearable device. 3D printing is a revolutionary production technology 
that has led to the gradual development of sensor production due to the ease of production of com-
plex conductor networks [5]. A common type of wearable sensor includes a flexible and wearable 
substrate material, with a sensing layer incorporated into or onto this material [46].

Polydimethylsiloxane (PDMS) and natural rubber (NR) is a widely used substrate polymer 
materials in flexible sensors and carbon black, CNTs, and GR have been used as conductive fillers 
[21]. Due to the lack of desirable mechanical properties of direct ink 3D- printed PDMS polymer, 
GR- based nanofillers are introduced into the ink formulation to improve the viscoelastic properties 
of the ink. A new 3D extrudable aqueous nanocomposite ink containing PDMS submicrobeads, 
graphene oxide (EGO) sheets, and PDMS prepolymer was developed in a study for piezoresistive 
strain sensor fabrication. PDMS/ EGO nanocomposite ink is flowable at high shear stress and 
possesses high storage moduli to maintain its structure after extrusion. The author showed that the 
fabricated strain- sensing wearable patch is highly sensitive (capable of detecting human pulse) and 
robust (>1000 tensile cycle stability). Furthermore, this design demonstrated high linear sensitivity 
(gauge factor 20.3) at a high tensile strain of 40%, and a short response time (83 ms). This finding 
provided the basis for further direct ink 3D- printed sensor discoveries [47].
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The inclusion of flexible, super- hydrophobic, multifunctional smart materials is the latest trend 
in the wearable sensing electronics industry. These materials have shown versatile applications in 
biomonitoring, environmental monitoring, haptic monitoring, self- cleaning, etc. [46]. Polymer- 
based conductive composites, which comprise conductive nanomaterials like GR, CNT, polymer- 
based elastic substrates like natural rubber, and silicone rubber are typically used to fabricate 
multifunctional superhydrophobic sensors. Subsequently, Liu et al. developed a multifunctional 
superhydrophobic silicone rubber (SR)/ multi- walled carbon nanotubes (MWCNTs)/ laser- induced 
graphene (LIG) composite strain sensor using laser direct writing for human body motion detection 
under complex and severe environmental conditions. It presented outstanding waterproof (water 
contact angle of 155⁰ and sliding angle of 5⁰), anti- corrosion ability (from pH =  1 to pH =  14), 
and photothermal anti- icing/ deicing properties. Moreover, it exhibited a high sensitivity of 667, 
a large working range (up to 230%), and remarkable long- term stability (>2500 cycles). External 
ambient temperature affects stretchability, sensitivity, and long- term sensing stability. However, the 
MWCNTs /  LIG cross- linked conductive network integrated with the sensor can maintain the sensi-
tivity of the sensor in low- temperature environments [48].

Over the past ten years, 3D- printed electronics have revolutionalized the wearable sensor 
industry by producing cost- effective electronic sensors. PDMS/ MWCNT nanocomposite is gaining 
high demand as a promising sensing material for capacitive and resistive pressure sensors due to its 
flexibility, stability, and sensitivity to conventional electronic materials. Some researchers have used 
MWCNTs nanoparticles primarily to achieve load- sensing capability based on piezoresistance with 
a sub- millimeter resolution. In a study, a piezoresistive sensor was produced by printing a PDMS 
polymer using modified extrusion- based 3D printing and then spreading the MWCNT over the 
wet PDMS matrix. The distribution of MWCNT in PDMS/ MWCNT nanocomposite was analyzed 
using a scanning electron microscope and strain sensing ability was characterized using cyclic ten-
sile loading at six different max strains. MWCNT repositioning and realignment at different tensile 
strains changed piezoresistivity and tunneling effects within the MWCNT were found to cause it. 
The gauge factor of the sensor was 4.3, confirming that PDMS/ MWCNT nanocomposite sensor has 
two- time higher strain sensitivity than the metallic strain gauge. Human wrist bending at different 
speeds was monitored using 3D- printed sensor, and the results confirmed that 3D- printed PDMS/  
MWCNT strain sensor is potential enough to monitor human motions effectively [49]. Based on 
this research data authors further modified the sensing material fabrication method by disper-
sing MWNT in the PDMS base elastomer using the solvent- assisted ultrasonication method. The 
prepared MWNT/ PDMS nanocomposites were printed on the pristine PDMS substrate. The new 
3D- printed strain sensor demonstrated high flexibility, stretching to 146% strain before fracture, and 
linear piezoresistive response up to 70% strain with a gauge factor of 12.15 [21].

Fused deposition modeling (FDM) 3D printing has obtained more attention during the last 
decade due to its simple mechanical design and affordability. The lack of facial fabrication methods 
is the main limitation in sensor design fields. Therefore, FDM 3D printing based on highly elastic, 
electrically conductive nanocomposites is used to fabricate complex and multidirectional sensor 
patterns. Thermoplastic PU/ MWCNT nanocomposite was used to fabricate a highly elastic strain 
sensor using FDM 3D printing. The material strength, electrical conductivity, and initial elastic 
modulus increased as the percentage of MWCNT filler loading percentage increased up to 5 wt%. 
Fabricated TPU/ MWCNT exhibited excellent adhesion between the TPU layers, and there was 
no electrical conductivity degradation in through- layer and cross- layer directions after printing. 
Different percentages of MWCNT in TPU/ MWCNT provided different ranges of sensitivity and 
flexibility that can use for different applications. The higher piezoresistivity gauge factors (high 
as 176) were obtained when applied a 100% large strain, and a highly repeatable resistance- strain 
response was received during cyclic loading. All the characteristic features mentioned above are 
confirming that FDM 3D printed TPU/  MWCNT nanocomposite can effectively apply to wearable 
electronics applications and soft robotics [50].
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18.4  CONCLUSION AND PERSPECTIVES

3D- printing technology provides sustainable solutions to both the opportunities and challenges 
of emerging sensing technologies. Although different types of 3D- printing methods have been 
developed, DIW, FDM, and ink jetting are the most commonly used technologies for 3D- printed 
sensor fabrication using carbon- based nano- composite. Researchers have modified the traditional 
3D- printing techniques to overcome the limitations and expand the potential for highly customiz-
able low- cost sensors. Further, 3D- printable novel carbon- based composite materials with excellent 
sensing performances are formulated. Particularly, carbon- based composite conductive filaments 
formulated with PDMS, PU, SR, and NR are suggested for next- generation sensor fabrications due 
to the reduced cost and high sensitivity. The benefits of improvements made in sensors will enhance 
the quality and performance of the wearable electronics industry.

With the advent of the new material, advances in 3D modeling and design techniques have led to 
the development of smaller, lighter, and wearable sensor models. Because of the unique electrical, 
mechanical, and thermal properties many novel sensors have been developed using GR and CNTs 
are mostly used for strain, pressure, temperature, gas, chemical, and biosensing applications among 
all kinds of applications. GR- based novel ink materials endure extreme deformations by flexible 
sensors. These advances have thus led to the development of 3D- printable wearable devices that can 
fold, bend, and stretch while maintaining remarkable analytical performance. The development of 
wearable sensors is getting popular in the last decades due to its broad range of applications including 
health and wellness, early detection of disorders, force and motion tracking, home rehabilitation, 
etc. Most of the wearable sensors are combined into wearable objects or in direct contact with the 
body to monitor health conditions and collect clinically related data. Technologies for wearable 
sensors in recent years, there has been a significant shift from traditional wristband activity trackers 
to advanced sensor patches.

In addition to the traditional biosensor, the incorporation of environmental sensors, acoustic 
sensors, motion sensors, and pressure sensors into wearable sensors drives the demand for wearable 
devices. However, the fabrication of a multifunctional, cost- effective, miniaturized sensing device is 
challenging. Today, 3D- printing technology is creating new opportunities for various new wearable 
sensor technologies due to its suitability for versatile applications. Despite a large number of studies 
conducted on the 3D- printed conductive polymer and carbon- based nanocomposites, limited data 
are available for the direct 3D- printed carbon- based nanomaterials. Studies on improving the per-
formance of direct 3D- printed carbon- based sensors are still ongoing. Scientists also expect to create 
carbon- based sensing materials with other functional properties, including magnetic capabilities. 
This chapter summarizes the results of recent research published related to 3D- printed carbon- based 
nanomaterials for sensors in terms of printing methods, material modifications, sensing mechanism, 
and application.
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19.1  INTRODUCTION AND BACKGROUND

19.1.1  nanoMaterials

Due to their outstanding electrical, optical, magnetic, chemical, and mechanical properties, 
nanomaterials have been employed in a vast range of applications in different areas, especially 
in the sensors field [1]. Nanofillers have been used over the years to enhance the properties of 
polymeric materials [1]– [4]. Nanofillers may enhance mechanical properties, electrical properties, 
thermal and barrier properties, and dimensional stability. Different features have been used to clas-
sify nanomaterials including dimension/ size, morphology, state, and chemical composition (e.g., 
metallic, carbonaceous, etc.). Nanoscale materials based on dimensionality can be divided into 0D, 
1D, 2D, 3D, heterostructured, and hierarchically nanostructured soft materials [2]– [5]. Figure 19.1 
shows the schematic illustration based on dimensional classification [6]– [8].

19.1.2  carBon nanotuBes

Carbon nanomaterials (CNs) contain diverse allotropes from graphene (GR) to buckminsterfullerene  
(C60). Carbon nanostructures are identified to consist of different low- dimension allotropes of  
carbon- containing graphite, activated carbon, carbon nanotubes, and the C60 family of buckyballs,  
polyaromatic molecules, and graphene. Over the last decades, nanotechnology has attracted signifi-
cant attention due to its direct application to generate new materials with outstanding properties.  
While inorganic nanostructures such as MXenes are developing recent research interests, several  
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carbonaceous nanostructures have been fully developed and commercialized. Many factors such as  
superior directionality, high surface area, and flexibility make carbonaceous nanostructures suitable  
for a wide range of applications [9]– [11]. The unique properties of carbonaceous nanomaterials are  
attributed to carbon’s structural conformation and its specific state. Figure 19.2 summarizes some  
of the allotropes of CNs.

A very common allotrope of CN is a carbon nanotube (CNT). CNT, a microtubule of graphitic 
carbon with a nano- range diameter and micro- range length was discovered by Iijima in 1991 [13]. 
Since then, the development of more carbon structures attracted extensive attention, and high- quality 
CNTs have been produced by three major methods including discharge, laser ablation, and chem-
ical vapor deposition (CVD) [14]. CNTs are identified by the number of walls to multi- wall CNTs 
(MWCNTs) and single- wall CNTs (SWCNTs). Surface- functionalized CNTs and doped CNTs are 
more advanced nanotubes that overcome the hydrophobic character of this nanomaterial and fur-
ther expand their applications. CNTs offer extremely high modulus and strengths, large length- to-    
diameter aspect ratio, good chemical and environmental stabilities, and very high thermal and elec-
trical conductivities [15].

19.1.3  carBon nanotuBe/ PolyMer nanocoMPosites

In the past three decades, after the discovery of CNTs, due to their outstanding multifunctional 
properties compared to previous fillers, there has been an even more extensive research effort on 

FIGURE 19.2 Schematic illustration of individual allotropes of CNTs. Adapted with permission [12], 
Copyright (2008), American Chemical Society.

FIGURE 19.1 Schematic illustration of the classification of nanomaterials based on dimensionality.
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a new class of polymer composites, i.e., CNT- filled polymer nanocomposites (CNT- PNC) [16]. 
The introduction of only a small amount of this nanomaterial can have a massive improvement in 
polymer properties such as transforming an insulator material into a conductive one. The remark-
able performance and extraordinary properties have made CNT- PNCs favorable in many indus-
tries such as defense, automotive, marine, railway, civil engineering structures, sporting goods, and 
armor as structural components, sensors, actuators, semiconductors, etc. [17], [18]. CNT- PNCs have 
been used as strain sensors [19], thermal sensors [20], and electrochemical sensors [21]. There are 
also some reports on the electromagnetic interference (EMI) shielding capacity of CNT- PNCs [22]. 
Numerous studies have demonstrated the capability of CNT- PNCs in the sensing field. However, 
conventional manufacturing methods such as molding and casting still pose a challenge in fab-
ricating complex, multifunctional, and embedded/ integrated sensors. Innovative manufacturing 
technologies enabling complex geometries and design freedom need to be developed toward more 
successful integration of CNT- PNC- based sensors [23].

19.1.4  additiVe Manufacturing of PolyMer nanocoMPosites

3D printing is a versatile, simple, and low- cost process that can make complex geometry not pos-
sible or costly to make using conventional methods [24]. 3D printing contains a broad range of 
technologies that can be classified based on process or materials. According to ASTM F42 [25] 
material jetting, binder jetting, material extrusion, vat polymerization, powder bed fusion, direct 
energy deposition, and sheet lamination are the seven major groups of additive manufacturing tech-
nologies. where, stereolithography (SLA), selective laser sintering (SLS), fused filament fabrication 
(FFF), and laminated object modeling (LOM) are the most well- known 3D- printing methods in 
the industry’s applications. Another 3D- printing classification is based on the material type that is 
used as a feedstock, which includes metals, ceramics, and polymers. Among these, polymer- based 
has drawn tremendous attention from both industry and academia due to the low cost and being 
more user- friendly in practical experiences [26]. In FFF method, a feedstock (thermoplastic- based 
material) is heated above its melting temperature and is extruded through a nozzle at a specific flow 
rate to deposit the rasters on a build plate when the first 2D layer was completed the second layer 
will start depositing, the part is built by adding layers from the bottom to the top [27], [28].

To enhance the physical, mechanical, electrical, and/ or chemical properties of FFF- printed 
parts, an effective strategy is to employ and adapt novel multifunctional feedstock materials that 
are developed based on polymer composites. In this case, the matrix thermoplastic polymer is 
loaded with additives. Similar to conventional polymer composites, the additives can be micro- sized 
reinforcements such as carbon fiber, glass fiber, and graphite fiber, [29]– [31] or nano- sized materials 
such as nanoclay, graphene, CNTs, montmorillonite (MT), graphite nanoplates, and TiO

2
 and ZnO 

[32]– [34]. Nemourious studies reported enhancement of electrical and thermal conductivity, strength, 
and stiffness as well as achieving specific functional properties in 3D- printed nanocomposite parts, 
especially for various sensing applications [18]. The conventional sensor fabrication methods such 
as photolithography, evaporation deposition, lamination, and coating are complex, expensive, and 
time- consuming. However, by integrating the flexibility and design freedom of 3D printing and 
the multifunctionality of PNCs, a new generation of heterostructure PNC- based sensors that offer 
higher sensitivity and reliability can be achieved. PNC- based 3D- printed sensors possess the oppor-
tunity for novel, efficient, more customized, and multifunctional sensing platforms.

This book chapter aims to discuss the recent advances in 3D- printed PNC- based sensors. In 
particular, CNT- based nanocomposites 3D printed through FFF process are covered in more detail. 
Four different sensing capabilities, namely, piezoresistive, capacitive, liquid- vapor, and structural 
monitoring are covered. For each sensor, first, a brief introduction is provided on the working 
principles and governing mechanism and then the recent progress is presented followed by a more 
in detail discussion of some case studies.

 

 

  

   

 

 

 

 

 

  

  

  

 



300 3D Printing: Fundamentals to Emerging Applications

19.2  3D- PRINTED PIEZORESISTIVE SENSORS

The electrical conductivity or resistivity of a polymer/ conductive filler nanocomposite, such as 
CNT- based PNC can be divided into four stages. At a very small amount of CNT, the electrical 
conductivity is very low close to that of the insulative polymeric matrix (Figure 19.3, zone a). With 
a further increase of CNT content, the conductivity increases gradually due to the tunneling effect 
(Figure 19.3, zone b). In the third stage, (Figure 19.3, zone c), the insulation- conduction transition 
occurs and an electrically- conductive path is fully formed by the interconnection of the CNTs. The 
fourth and final stage is when the percolative network is completely connected and there is only 
a slight increase in the electrical conductivity by further increase of CNT content (Figure 19.3, 
zone d). The electrical conductivity of a percolative nanocomposite system in zones c and d can be 
described by the percolation theory:

 σ σ ρ ρ= −
0
( )

c
t  (19.1)

where σ is the electrical conductivity of the nanocomposite, σ
0
 is the scaling factor, ρ and ρ

c
 are 

the volume fraction of the filler corresponding to σ and the critical volume fraction (percolation 
threshold), respectively, and t is the exponent constant, which is close to 2 for CNTs.

The piezoresistive effect is a change in the electrical resistivity of a material, usually semi-
conductor or metallic when mechanical strain is applied. In monolithic materials such as copper 
wire, the piezoresistivity is governed by the change in the geometric configuration of the material 
due to mechanical loading. In conductive filler/ polymer composites such as CNT- based PNC, the 
piezoresistive effect is however attributed to three major phenomena, namely, conductive path 
deformation within the nanocomposite, the inherent piezoresistivity of CNT, and the tunneling 
effect. The major governing factor is based on the mechanism that when the material undergoes 
mechanical deformation, the relative filler to filler configurations changes within the material and 
create new electric pathways, resulting in overall resistance change [36]. Depending on the nature of 
the mechanical loading, the interconnections between the conductive fillers within nanocomposite 
could be strengthened or weakened, resulting in a decrease or increase, respectively, in the material 
overall resistance.

Utilizing the high electrical conductivity of CNT, functional nanocomposites as piezoresistive or  
resistance- type strain sensors with high sensitivity [37] or large deformations have been reported.  

FIGURE 19.3 Electrical conductivity of conductive composites as a function of filler fraction. Adapted with 
permission [35], Copyright (2013), IOP Publishing.
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In such sensors, the in- service conductivity will change with the strain applied. Small strain detec-
tion in this type of sensor has been explained using the tunneling effect, CNTs alignment, and  
agglomeration [38]. CNT- PNC- based piezoresistive sensors fabricated using conventional manufac-
turing methods have been extensively researched and widely employed in soft robotics, control  
devices, and electric skins [39], [40]. However, the more advanced and integrated applications of  
such sensors have been further enabled by coupling these multifunctional nanocomposites and addi-
tive manufacturing technologies. This is due to the capability of 3D- printing methods in delivering  
more complex, customized, embedded, and integrated sensors. The recent efforts on the develop-
ment of 3D- printed piezoresistive sensors based on CNTs are discussed below.

Kim et al. [41] developed an FFF- made TPU/ MWCNT system as a multiaxial force sensing 
to independently detect forces in x, y, and z directions. The system was based on the capability 
of the system for piezoresistive sensing. However, the force detection was heavily affected by the 
raster pattern. About the same time, Christ et al. [22] reported the fabrication of a highly elastic 
piezoresistive sensor using TPU/ MWCNT which was employed to measure a wide range of strains. 
In another work, a strain sensor was fabricated using a modified FFF printer on a PDMS base and 
the sensor’s behavior was shown to be linear up to 30% maximum strain with reliable reading [42]. 
This method has several steps and makes it complicated in comparison to the previous research. 
Kim et al. [43] also reported a sensor system of TPU/ MWCNT. They claimed that the percola-
tion threshold for the compound was observed at 3wt.% MWCNTs, the rest of the study was done 
on 5wt.% MWCNT and loaded up to 40% strain in both transverse and longitudinal directions. 
Both experimental results and modeling confirmed the isotropic evaluation of the resistivity. Very 
recently, Verma et al. [44] reported the fabrication of a piezoresistive sensor using polypropylene 
random copolymer and CNTs. The nanocomposite filament was produced using a corotating twin- 
screw extruder and printed by an FFF machine. Both mechanical and piezoresistance responses 
were investigated. The results indicate that both mechanical and piezoresistive responses depend 
on the interlayer adhesion during the FFF process. The sensors printed in a longitudinal direction 
showed a better response, compared to the transverse counterparts.

Christ et al. [45] reported the successful development of a TPU/ MWCNT- based novel FFF 
feedstock that proves high elasticity and excellent piezoresistive properties. In this work, the 
TPU/ MWCNT nanocomposite was prepared by melt extrusion using a twin- screw extruder. The 
nanocomposites with MWCNT content ranging from 0 to 5 wt% were fabricated using the optimized 
processing parameters. A rectangular sensor with dimensions of 1.6 × 1.6 × 10 mm3 (H × W × L) 
was printed using a MakerBot replicator.

The static and cyclic tensile performance and piezoresistivity behavior of TPU/ MWCNT  
nanocomposite filaments and printed sensors were investigated. The quasi- static performance evalu-
ation of the 3D- printed sensor was also performed. The strength of both filaments and printed samples  
increases by increasing the MWCNT content with an overall less increase in 3D- printed sensors. As  
seen in Figure 19.4, it was reported that the printed nanocomposites with 5wt.% MWCNT mechan-
ically failed at ~ 60% strain and could not reach the targeted 100% strain due to the introduction  
of more defects, which act as local stress concentration locations. Also, at 2wt.% MWCNT, the  
sensors electrically failed at about 60– 65% strain, due to significant loss of CNT interconnections  
and trending towards a more insulative characteristic. The other nanocomposites (3 and 4 wt.%  
MWCNT contents) were successfully stretched up to 100% strain with reliable measurement of  
resistance change. It was also shown that there was a modest decrease in the modulus of elasticity  
(~14%) of TPU/ MWCNT samples after printing, which is attributed to the imperfect bonding at the  
interlayer. One desirable aspect of strain sensing materials is their ability to sense cyclic strains. As  
was mentioned before, for a sensor, it is crucial to keep the performance over the cyclic load. For  
both the strain- softening and Mullins effects, the most drastic change is observed within the first  
cycle and rapidly trended towards a steady- state within only a few cycles for both TPU and TPU/  
MWCNT. This rapid equilibrium demonstrates a high potential for cyclic strain sensing capabilities.  
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The authors claim that the TPU/ 3 wt% MWCNT nanocomposite offers the most suitable combination 
of electrical and mechanical behaviors for sensing performance. It provides the highest sensitivity 
while remaining functional up to 100% strain as well as minimizing the amount of softening  
that occurs within the sample (Figure 19.4).

The developed nanocomposites in [45] were then employed to 3D print a range of embedded 
strain sensors [46] (Figure 19.5), in axial, transverse, and biaxial configurations. The sensors were 
then tested until 50% strain in the cyclic load. Figure 19.6 demonstrates the cyclic response for 
two types of sensors, i.e., linear axial and linear transverse. All the sensors showed a steady cyclic 
response after the first few initial cycles. It has to be noted that, in the first cycle, the resistance 
increased during both the loading and unloading phases, and a new higher level of resistance was 
established which can be attributed to the MWCNT network dissociation such that the conductive 
paths are broken, new paths are potentially created, and the conductive trace finds a new conduct-
ivity equilibrium during unloading [46]. It was also shown that simultaneous strain sensing in axial 
and transverse directions is possible when using linear biaxial, switchback biaxial, and sawtooth 
biaxial, and it was further demonstrated that with the change in the embedded sensor pattern (e.g., 
from the straight line to sawtooth), the sensitivity can be tuned in both directions.

19.3  3D- PRINTED CAPACITIVE SENSORS

Capacitive sensors have proven to be widely used in a broad range of applications owing to their  
ability to detect both metallic and nonmetallic parts, and position measurement in the sub- nanometer  

FIGURE 19.4 Logarithmic normalized resistance plots of (a) extruded filaments, and (b) FFF 3D printed 
TPU/ MWCNT nanocomposites as a function of strain during loading. Adapted with permission [45], Copyright 
(2017), Elsevier.
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range [47], [48]. Based on the principle of capacitive coupling, capacitive sensors can detect and  
measure objects that are conductive or have dielectric constant distinct from the air. Capacitive  
sensors can be used to measure position, humidity, touch, proximity, and void fraction [49], [50].  
Conventional capacitance sensors are made of metallic foils which makes them not a good candidate  
for wearable devices due to their toxicity and low stretchability. A capacitive strain gauge can be  
made and modeled following a plate- like capacitor using a CNT film and silicone elastomer. When  
the device with an initial size of l

0
*w

0
*t

0
 (initial length, width, and thickness) stretches by applied  

strain (λ), the capacitance of the stretched device can be calculated by [51]:

 C
l w

t
C

r
= =ε ε

λ
λ

0
0

0
0

* *
 (19.2)

FIGURE 19.6 Cyclic relative resistance (R/ R
0
) plots for (a) linear axial sensor and (b) linear transverse 

sensor loaded to 50% maximum strain. Adapted with permission [46], Copyright (2018), MDPI.

FIGURE 19.5 CAD drawings for (a) linear axial, (b) linear transverse, (c) linear biaxial, (d) switchback 
biaxial, and (e) sawtooth biaxial; All dimensions are in mm. Within each design, the black and light blue 
regions are TPU/ MWCNT and pure TPU, respectively. The electrical connection terminals, clamping zone, and 
strain direction are also identified. The sample thickness in a- b is 1.0 mm and in c- e is 1.2 mm. The clamping 
zone size is 7.5 mm on each side, leaving a free length of 25 mm between the clamps. Adapted with permission 
[46], Copyright (2018), MDPI.
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where C
0
, ε ε

0
and

r
are the initial capacitance, the permittivity of vacuum, and the relative permit-

tivity of silicone film, respectively. Other than this, for the capacitors with a finite size, the fringe 
effect, which results from the presence of the air gap in the magnetic circuit should be counted [52].

While wearable pressure sensors can be fabricated based on different principles such as resistive, 
capacitive, and piezoelectric mechanisms, some reports claim a capacitive sensor benefits from low 
power consumption and reliable operation. For instance, Choi et al. [53] demonstrate a method to 
produce a porous Ecoflex- multiwalled carbon nanotube composite (PEMC) structure as a capacitive 
pressure sensor with practical application on the wearable device.

Since the capacitance will change by sensor design and CNT alignment, fabrication of complex 
and small electrodes through conventional techniques is expensive and time- consuming, therefore 
employing advanced manufacturing methods such as 3D printing can be a solution. By that, 3D 
printing of the complex conductive structure and functional hollow structure has been easily pos-
sible which results in more sensitive sensors [48].

Hoheimer et al. [54] conducted a study on 3D- printed CNT nanocomposite sensors as robotic 
soft end effectors for grabbing delicate objects and examined the capability of 3D- printed built- in 
capacitive and piezoresistive sensors for such applications. In this work, to evaluate the capacitive 
and piezoresistive sensor’s sensitivity, a pneumatically actuated soft end effector was 3D printed 
using FFF method as shown in Figure 19.7a. The three bottom layers for the base of the actuator 
were printed with electrically conductive TPU/ 3wt.%MWCNT nanocomposite, while the upper 
layers were printed with insulative pure TPU. When actuated with high- pressure air, the actuator 
bends towards this base layer, owing to its geometric design, until it contacts an object, which can 
be detected by a change in capacitance (Figure 19.7).

The mechanism is that once the sensor touches an object (such as an apple), the R- C delay is  
signified reaching a value of ~4000 from a low value of about 250. This significant rise can be used  
as an on- off logic control for touch sensing. Upon touching the sensor, the circuit’s C increases,  
resulting in a longer delay before the signal is received, which is reflected as a larger R- C delay  
time. Further, as the touch sensing is based on the R- C time constant, the sensitivity, or magnitude  
of the response, can also be adjusted using a resistor with a lower or higher resistance in the circuit.  

FIGURE 19.7 (a) 3D- printed actuator with a conductive base made of TPU- 3wt.%MWCNT to act as a touch 
sensor upon actuation and (b) R- C time delay response of the actuator at ~310 kPa with (c) and without 
(d) physical contact of an object. Adapted with permission [54], Copyright (2020), Elsevier.
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Recently, Liu et al. [55] reported the fabrication of a capacitive force sensor using a triple extruder  
FFF- machine with conductive filament to compare to the silicon- based microelectromechanical  
system (MEMS). The sensor was designed as a suspended beam- plate structure with HIPS as a sac-
rificing support layer. The sensor shows reliability for potential sensing and health monitoring when  
tested for 900 cycles. The sensor was attached to an adult neck and was able to detect the body pulse  
by capacitance changes due to the blood pulse. Loh et al. [56] also reported constructing flexible  
mechanical metamaterials programmed to have certain mechanical properties using the material  
design and 3D printing from a conductive polyurethane. The final sensor was employed as a human  
joint wearable device and was capable to measure force distribution and proximity detection which  
is crucial for safe gripping and identification of sensitive objects.

19.4  3D- PRINTED LIQUID/ VAPOR SENSORS

A type of liquid sensor can be designed based on the volumetric swelling phenomenon. As the 
fluid diffuses into the polymer network, the volumetric expansion happens and disturbs the volu-
metric ratio of the conductive filler and the matrix in the virgin composite, causing a change in the 
interconnectivity of the conductive networks and thus the electrical resistivity changes. This change 
in resistance can be probed to detect or quantify fluid absorption [57]. The resistivity change is 
correlated to the local solvent uptake when the sensor is immersed in the solvent or exposed to its 
vapor. The swelling starts first on the surface and therefore inhomogeneous diffusion occurs through 
the cross- section of the sensor, if it is a conventional film- type sample [58]. The sensitivity and 
efficiency of liquid sensors depend on the type of sensing material, solvents, possible interactions 
between them, sensor geometrical features, temperature, and pressure [59].

The capability of FFF 3D printing to fabricate lattice structures and partially filled geometries 
from functional nanocomposites provides an opportunity to design liquid/ vapor sensing platforms 
with highly- efficient diffusion paths. Recently, there have been some research efforts on the 3D- 
printed liquid sensor using electrically conductive nanocomposites. Aliheidari et al. [60], [61] 
reported a new U- shaped 3D- printed liquid sensor fabricated from highly elastic, electrically con-
ductive TPU/ MWCNT nanocomposites. The solvent selectivity of these sensors was investigated 
based on MWCNTs concentration, type of liquid, and infill density of 3D- printed specimens. Three 
different liquids, namely ethanol, acetone, and toluene were selected based on their widespread use 
in various industries.

Liquid (solvent) sensitivity of a polymer is related to the volumetric solvent uptake, which is 
attributed to Hansen solubility parameters [62] of the polymer and the solvent. Further, the polymer- 
liquid interaction is mainly determined by the Flory- Huggins interaction parameter χ12 which is 
calculated using [63]:

 χ
δ δ

12
2

=
−V

RT
sol pol sol

( )
 (19.3)

where V
sol

 is the molar volume of the solvent, δ
pol

 and δ
sol

 are the solubility parameters of the polymer 
and the solvent, R is the gas constant (R= 8.314 JK- 1mol- 1), and T is the absolute temperature.

The low values for χ12 indicate strong interactions between polymer and solvent and more 
solvent penetration. The low values of the Flory- Huggins parameter are obtained when the solu-
bility parameters of the solvent and the polymer are as close as possible, indicating a good solubility 
of the polymer in the solvent (Table 19.1).

The results of [60], [61] revealed that increasing MWCNT content generated faster response and  
sense of solvents and caused a decrease in saturation time of the solvents. Based on Flory- Huggins  
interaction parameters for polyurethane/ solvent, acetone is predicted to be the strongest and ethanol  
is the weakest solvent. This trend is in agreement with the measured liquid sensitivity of sensor/  

 

 

 

 

 

 

 

  

 

 

 



306 3D Printing: Fundamentals to Emerging Applications

solvent pairs. The mechanical strength of the sensor structure and its electrical conductivity are the  
two important parameters, which have a crucial impact on designing an efficient and fast sensor.  
The sensor sensitivity enhances when the infill percentage is decreased. It is explainable that in a  
material with high packing of the printed layers, the sensor accessibility to solvent is limited and  
the solvent molecules could mostly become in contact with the sensor through its apparent surface  
area. Within the given short exposure time of 25 s, the solvent could only partially diffuse inside the  
sensor and thus caused limited swelling and less change in resistivity. However, as the infill density  
is decreased, the distance between the individual printed layers increases, helping them to be more  
accessible to the solvent. Therefore, the active surface area to volume ratio increases. This combin-
ation creates shortened diffusion paths, and the amount of solvent uptake increases for a given time.

Another type of vapor, gas or liquid sensing is based on the modification of doping level due to 
the redox interaction of analyte molecules which results in conductivity change. The PNCs usu-
ally are above the electrical percolation threshold. A recent work studied this type of vapor sensing 
strategy. Kennedy et al. [64] reported a PVDF- based 3D- printed nanocomposite to detect volatile 
organic compounds (VOC). The results revealed the potential capability of a freeform sensor that 
detects acetone vapor fast (20s) in a repeatable manner (25 cycles). Even the direction correlation 
was observed between the MWCNTs concentration and resistance change. Surprisingly, sensor 
thickness did not affect the relative increase in resistance with acetone exposure.

19.5  STRUCTURAL HEALTH MONITORING

Structural health monitoring (SHM) is a type of non- destructive evaluation (NDE) technique 
that essentially involves the strategic embedding of conductive filler into a structure such that the 
system is capable of self- assessment of structural health including damage detection and structural 
prognostics. Thaler et al. [65] investigated another class of smart nanocomposite with potential 
application in self- sensing. The ABS/ CNT filaments having CNT contents of up to 10 wt% were 
first fabricated using a twin- screw extruder. The nanocomposites were then 3D printed in certain 
designs to investigate the tensile properties, fracture toughness, and critical strain energy release 
rate, as well as through- layer and in- layer conductivities. Results revealed very similar strength, 
stiffness, and strain- at- break of the printed pure ABS compared to those of the compression- molded 
samples. The electrical conductivity was investigated and it was observed that the compression- 
molded samples achieved higher conductivity values in comparison with 3D- printed ones. While the 
printed samples do not show the distinct percolation behavior and conductivity gradually increase 
as CNTs content increase.

Figure 19.8 presents the resistance change during the sample loading for different CNTs  
concentrations. A relatively linear relationship between the resistance and the strain was observed  
in the elastic region of the deformation. The small change at lower concentrations can be due to the  
tunneling effect, while at the higher CNT concentrations, with applying load the distances between  

TABLE 19.1
Characteristics of TPU/ MWCNT and the Solvents Used for Sensing Experiments

Material

Hansen Solubility 
Parameter δ
(MPa1/ 2)

Boiling Point
(°C)

Vapor Pressure
KPa, 20 °C

Molar Volume
(Cm3mol−1)

Flory- Huggins 
Interaction 
Parameter (χ12)

Polyurethane 20.84 - - - - 
Acetone 19.9 56.2 24.6 73.4 0.026
Toluene 18.2 110.6 2.9 106.8 0.306
Ethanol 26.6 78.4 5.8 58.4 0.803
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CNTs increase, and therefore the resistance increases. In the printed samples with low CNT content,  
it is difficult to form conductive networks, but once the networks are formed, they show a better  
sensitivity to deformation. Therefore, measurable resistance change occurs in the printed ABS/ CNT  
nanocomposite at higher concentrations once strained in tension. The results show that the strain  
or deformation in this nanocomposite can simply be measured by the resistance. Also, the onset  
of plastic deformation can potentially be detected. This nanocomposite may be printed as a self-  
sensing material for structural health monitoring purposes.

19.6  SUMMARY

3D printing of functional polymer composites for sensing applications was discussed. In particular, 
the fused filament fabrication (FFF) additive manufacturing method and carbon nanotube- based 
nanocomposites were focused and four main sensing types such as piezoresistance, capacitance, 
liquid/ vapor, and structural health monitoring were discussed. Overall, CNT- based sensors exhibit 
strong potential due to their excellent mechanical, electrical, and functional properties. Higher sen-
sitivity and reliability in sensors can be achieved via integrating the FFF additive manufacturing 
method and CNT- based nanocomposites. PNC- based 3D- printed sensors possess the opportunity for 
novel, efficient, more customized, and multifunctional sensing platforms. 3D- printed piezoresistive 
sensors perform with good repeatability and by changing the print pattern and sensor design, multi-
directional sensing with tunable sensitivity is possible. Capacitive force sensors with a relatively 
complex structure can be fabricated in a one- step 3D- printing process without using any additional 
metallization process, alignment process, or assembling process. FFF methods show huge favor in 

FIGURE 19.8 Stress- stress and the corresponding resistance- strain results of (a) ABS/ 3wt%CNT, (b) ABS/ 
5wt% CNT, and (c) ABS/ 10wt%CNT nanocomposites. Adapted with permission [65], Copyright (2019), IOP 
Publishing Ltd.
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increasing the sensitivity of the liquid sensors compared to the bulk compartment which is attributed 
to the elevation of the surface area and making the shorter path for diffusion. Structural health 
monitoring was another successful category for the 3D printing integrated with PNCs that could 
potentially be designed and integrated into structural applications.
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20.1  INTRODUCTION

Metal- organic frameworks (MOFs) [1], [2] are composed of metal ions, porous nature materials,  
coordination polymers, and organic linkers. The functionality of MOFs can be tuned by changing their  
structures, chemistry, and material (functional) composites for their use in sensing activities. MOFs  
can be deposited using chemical vapor [3], electrochemical [4], liquid- gas phase [5], solvothermal  
[6], gel- vapour [7], and spray drying [8] deposition techniques. Among these deposition techniques,  
direct complex structures with high accuracy and less amount of material wastage can be achieved  
by 3D printing techniques. These techniques provide more control towards size, shape (symmetrical 
and asymmetrical), precision, cost- effectiveness, and surface morphology where it cannot be  
achieved using other conventional deposition technologies. The tunable 3D MOF’s inherent (physical, 
chemical, and structural) properties have shown exceptional performance in ion adsorbents,  
fluorescent sensitizers, ligand interaction for sensing, and functional membranes [9]– [11]. The  
incorporation of polymers, functional materials, and metal ions improves the mechanical properties of 
MOFs which can be used to develop sensors for wearable [12] and flexible applications [13]  
(e.g., actuators, supercapacitors [14], implantable sensors, and optoelectronic sensors). 3D printed  
MOF materials are attracted towards sensing mainly because, the chemistry can be tuned between  
the interaction host- guest coordination sites, and their change in stable thermal, photochemical,  
and mechanical properties. MOFs can also be utilized in luminescent, calorimetric, and fluorescent  
sensing. The guest ions directly interact on the MOF functionalized surface, and it forms a coordin-
ation bond with metal sites. Strong coordination interaction improves the charge transfer or electron  
transfer between the analyte species and exhibits sensing phenomenon in MOFs [15], [16]. MOF  
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has a large surface area of ~8,000 m2/ g amongst other material composites which attracted sensing  
with the help of surface functionalization [17].

MOF composites can be deposited using various techniques such as Fused Filament Fabrication 
(FFF), Selective Laser Sintering (SLS), and Direct Ink Writing (DIW) for the fabrication of 2D and 
3D structures. Various polymers for MOF and their properties are listed in below Table 20.1.

To improve the functionality of MOFs, possible approaches are listed below, and the pictorial 
workflow is shown in Figure 20.1:

1. organic linkers based on redox active materials: to enhance the charge (holes and electrons) 
transfer mechanism

2. use of transition metal ions to improve the coordination interaction between the ligands and 
metal sites

3. tuning the structural morphology and surface functionalization of MOFs
4. doping of MOFs to enhance the protons (h+ ), and to improve the charge functionality for 

sensing.

20.2  3D- PRINTED MOF HYDROGELS AND IONOGELS FOR SENSING

3D- printed MOF hydrogels, and ionogels have attracted more attention towards the fabrication of 
in situ chemical and biological sensing fields due to their incredible physical and chemical proper-
ties. MOF materials are easily processable, tunable composites based on host- guest ion chemistry, 
highly stable based on the coordination sites, and porous to achieve adsorbing effect for sensing 
perspectives. MOF hydrogel displays tunable light emissive properties due to the combination of 
lanthanide ions with organic ligands. MOFs hydrogel is easily processable and it can be used in 
optoelectronic sensing of biological molecules.

Pal et al. proposed a 3D printable ink for MOF ionogel to detect the acidic compounds and  
human body motions using colorimetric sensing for wearable applications [19]. In this study, they  
used renewable nanomaterials like cellulose nanocrystals and dispersed them in choline chloride  
and ethylene glycol which forms a physical network in the composite as shown in Figure 20.2. After  
printing, the photopolymerization process occurred between the amides and it enhances the mechan-
ical strength, stretchability, and ionic conductivity. The mechanical properties were examined for  
0.1, 0.2 and 0.3 wt % of MOF showed relative increase and decrease in young’s modulus and strain  
% of the composites. The ionic conductivity of ionogel with and without MOF was 10−1 and 10−2  

TABLE 20.1
Polymers for MOF to Improve the Chemical Stability and Mechanical Integrity [18]

Polymer (Active) Printing Temp. (°C) Substrate Temp (°C) Biodegradability Hygroscopicity

PLA (polylactic acid) 180– 230 °C
(~ 210 °C)

No Yes, renewable sources No

ABS (acrylonitrile 
butadiene styrene)

210– 250 °C
(Tg =  110 °C)

Yes,
(80– 100 °C)

No No

PETG (polyethylene 
terephthalate)

220– 250 °C
(Tg =  80 °C)

Yes,
(50– 75 °C)

No Yes

Nylon 240– 260 °C Yes, 70– 100 °C No Yes
TPU 210– 230 °C Yes, 30– 60 °C No Yes
Torlon 260– 275 °C

(Tg =  260 °C)
Yes No Yes
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S/ cm was observed, the decrease of ionic conductivity due to the insulating behavior of MOF and  
restricts the movement of ions [20], [21]. Similar 3D printed ionogel showed brown color for pH =  2  
and green for pH =  0 and 1 after being exposed to 0.01 M and 1 M of HCl as shown in Figure 20.2  
(e, f). Upon increase in pH > 2, no color change was observed, and a similar result has been reported  

FIGURE 20.2 Pictorial representation of (a) 3D printing of ionogel (b) structure of MOF cellulose nanocrystals 
(c) sensing of human body vibration and their change in electrical response (d, e) sensing of acidic compounds 
(e.g., 0.01, 0.1, 1 M HCL) showed calorimetric response (f) change in absorbance vs. the concentration of HCl. 
Adapted with permission [22]. Copyright 2022, American Chemical Society.

FIGURE 20.1 Schematic workflow of (a) Formulation of functionalized MOFs using metal ion sites, organic 
ligands, polymers, and solvents. (b) 3D printing of MOF layers using functionalized MOF materials. (c) 3D 
printed (interdigitated pattern) MOF sensor to sense gases and (d) interaction mechanism of analytes with 
3D MOFs.
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by Deibert et al., who they used porphyrinic zirconium (Zr- MOF) [22]. The change in color is due to  
the interaction of protons from acidic solutions with the MOF linker and it causes the delocalization  
of charge carries in the π -  conjugation system. The change in charge transfer affects the band gap  
and the color shift is observed from acid to base.

Liu et al., demonstrated 3D- printed stretchable in- situ MOF hydrogel using monomer acryl-
amide, Irgacure 259 as photoinitiator, trimesic acid (H3BTC) as organic ligand, and triethylamine 
as a deprotonating agent. They formulated the MOF hydrogel using all the functional materials and 
then added hydroxyethyl cellulose (HEC) which acts as a shear- thinning agent for 3D printing. After 
3D printing of various structures, UV curing was performed to initiate the free- radical polymeriza-
tion in the printed network structures [23]. By following Lim and co- worker’s work on iconic MOFs 
[24], printed structures were immersed into the Copper (II) nitrate Cu (NO

3
)

2
 solution to accelerate 

the ionic cross- linking with the ligands and it transformed from printed structure to transparent soft 
hydrogels [25]. The mechanical properties were examined, and it showed the stretchability of 400% 
with a toughness of 700 (kJ/ m3). By using this technique, 3D- printed stretchable MOFs hydrogel 
can be used in wearable and flexible sensor fields.

Huang et al. proposed a 3D assembly of luminescent MOFs using additive manufacturing as  
direct ink writing of lanthanum- based MOF structures. They have used two- component formulations  
composed of organic ligand and sodium alginate- based precursor ink which exhibits inter and intra-  
molecular hydrogen bonding [26]. Europium (III) nitrate and Terbium (III) nitrate pentahydrate  
were used as an in- situ active material as a solution, where the 3D- printed structures were immersed  
in the solution for five minutes as shown in Figure 20.3.

FIGURE 20.3 Schematic illustration of 3D printed MOFs (a) lanthanum (Eu and Tb) based MOFs in the 
precursor ink for 3D printing (b) 2D and 3D printed structures. Reproduced with permission [26]. Copyright 
2021, Springer Nature.
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Sodium alginate is mainly used to modify the rheological and shear thinning properties. After 
the post- treatment in lanthanide ions, 3D- printed structures of LnMOFs [27] exhibit fluorescence 
properties due to the coordination of lanthanide ions and chelation. Here in, Eu3+  and Tb3+  based 
lanthanum MOFs generate red and green fluorescence when it interacts with acetone [28]. The 
carboxylic acid from the metallic acid group delivers strong hydrogen bonding interactions and 
coordination with organic ligands. The study of Hu et al. prescribed that the organic ligands act as a 
sensitizer for the lanthanum- based ions because of the antenna effect. So, organic ligands can absorb 
the incident light and it shifts to Eu3+  and Tb3+  ions to exhibit fluorescence properties [29]. When 
the acetone concentration increases, the weakly coordinated molecules of water and ethanol were 
replaced by acetone molecules, and it results in fluorescence properties. The tuning of ions in MOFs 
for precursor ink to adsorb solvent molecules can be used for sensing ions in industrial applications.

Thakkar et al. developed 3D- printed MOF- based monoliths using solution- based methods where 
firstly cobalt (UTSA- 16) and nickel (MOF- 74) based powders were added with clay and ethanol of 
(80– 20 wt %) [30]. On the other hand, polyvinyl alcohol (5 wt %) as a plasticizer, and deionized 
water with ethanol (5:95 vol %) were stirred vigorously for around 2.5 h using IKA RW 20 mixer. 
Later, both the solutions were loaded into the syringe with a diameter of 0.85 mm nozzle for the 
fabrication of (1.5 cm2 circle) 3D- printed structures as shown in Figure 20.4.

The printed structures were cured thermally to dry completely using a conventional oven at 100 
°C for 1 h. The mechanical properties were studied by compressing the sample using a 500 N 
loadcell at 0.0416 mm/ s. 3D printed MOF monoliths adsorbed CO

2
 /  N

2
 under the pressure of (1 

bar) at 25, 50 and 75 °C showed a linear response with an increase in the concentration of adsorbed 
gases. The physical properties and mechanical integrity of 3D- printed monoliths showed stable per-
formance and using these proofs- of- concept can be used for adsorbing various gases.

Wang et al. developed a MOF composite to fabricate 3D- printed ABS frameworks which can be  
used as an absorbent for dye absorption. They designed two kinds of frameworks (i) Printed skeleton-  
like structures using ABS polymers for scanning electron microscopy and (ii) ABS laminates for  
optical and structural characterization techniques (XRD, UV- Vis). Initially, ABS frameworks and  
laminates were washed with a 1:1 ratio of (EtOH: water) and then were immersed in 1,3,5- benzene  
tricarboxylic acid and triethylamine for four hours. Later, ABS components were immersed in  
copper (II) nitrate solution and it showed blue color which represents the ion exchange mechanism  

FIGURE 20.4 Schematic workflow of (a) Mixture of nickel and cobalt MOF powder (b) 3D printed MOF 
monoliths and the adsorption of CO

2
/ N

2
 interaction (c) SEM image of 3D printed MOF monoliths and 

microporous flakes of nickel MOF- 74 powder. Reproduced with permission [30]. Copyright 2017, American 
Chemical Society.
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that occurred between ABS and copper nitrate solution [31]. From the UV- Vis analysis, the adsorp-
tion peak at 664 nm was observed because of the chemical adsorption of nitrogen atoms coordinated  
with the copper atom. Similar results were observed by Li et al. when the graphite oxide- based MOF  
was exposed to acetone, and it showed a blue color and it can be used for optical sensing using MOF  
composite materials [32]. Li et al. developed 3D- printed ZSM -  5 monolith catalysts by introducing 
a metal doping process to evaluate the selectivity of olefins [33]. To formulate the composite,  
metal dopants of Caesium (Ce), Chromium (Cr), Copper (Cu), Gallium (Ga), Lanthanum (La),  
Magnesium (Mg), Yttrium (Y), and Zinc (Zn) with nitrate as an anion as a precursor was added. The  
paste was then filled in the extruder to fabricate 3D- printed monoliths were ignited at 550 °C for 6 h  
to decay and remove the plasticizer. After this process, 3D printed monoliths exhibited micro- macro  
and mesoporous networks. Zn and Mg- based ZSM monolith showed an effective selectivity towards  
the light olefins amongst other metal dopants. This study prescribed the ion exchange of proton (h+ )  
for the hydroxyl group with the metal cation, and it can be used for sensing ion in future using MOF  
based composites with dopants.

20.3  BIOCHEMICAL AND BIOMEDICAL SENSORS

Biochemical sensing is the process of sensing chemical parameters in biofluids such as sweat, saliva, 
tears, urine, and blood to find the level of certain biological parameters of interest. Leland C. Clark 
Jr. is considered the pioneer in this field with his 1962 invention of the Clark electrode which 
measures oxygen in the blood. Since that time, the principle of biochemical sensing has been used 
to develop various biomedical sensors including the present- day blood glucose sensors which dia-
betes patients regularly use to check their blood glucose levels. The blood glucose sensors have pre- 
loaded enzymes (glucose oxidase) in them and produce H

2
O

2
 through a cyclic reaction. The enzyme 

participates in the reaction as a catalyst and H
2
O

2
 produced undergoes an electrolysis process where 

they produce oxygen proportional to the amount of glucose in the blood. An amperometric measure-
ment of electrons produced in this electrolysis is measured and correlated with the amount of glu-
cose in the blood. The sensor substrate morphology and surface area play a crucial role in enzyme 
binding, hence the performance of the biomedical sensors. There are many different approaches 
made by researchers to improve these two factors and using MOF is one of them.

Heavy metals such as Cd, As, Hg, etc. can sometimes be found in human food where most of 
the time they enter the food chain through illegal disposal of industrial waste. Detection of heavy 
metals in human tissues is very important to avoid long- term exposure of communities to contam-
inant food unknowingly, but the tests to detect heavy metals in human tissues are normally carried 
out in laboratories with the help of high- end analytical instruments. However, in the recent past 
researchers have developed sensors using MOF to monitor heavy metals easily and quickly. Kokinos 
et. al developed a 3D printed lab- in- a- syringe type of biochemical sensor to determine the Hg(II) 
[34] as shown in Figure 20.5. They have used Ca- MOF to modify the working electrode of graphene 
in different ratios between 5– 20% (w/ w).

Screen printing has been used as one of the easiest and most cost- effective 3D- printing methods  
for MOF working electrodes in biomedical sensors to develop MOF sensors. Some of them have  
used a single- layer screen print using the inherent 3D structure of the MOF used and the others  
have created 3D porous structures by printing multiple layers of the 2D MOFs. However, Lawson  
et al. have shown that the relatively large particle sizes have caused the printed MOF layers to be  
hydrophobic and special care need to be taken to bind them together in successive layer printing  
by fine- tuning the rheology of the binder [35]. They have developed an interesting way of growing  
MOF structures through a gel- print- grow process. Multilayer spin coating is another popular way of  
printing 3D MOF structures over pre- printed or pre- deposited sensor electrodes. Gupta et al. have  
developed a 3D MOF structure using this method to develop their biosensor for detecting E. coli  
[36]. They have used carbon- screen printed electrodes as the substrate and spin- coated MIL- 53  
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(Fe) with poly(3,4- ethylenedioxytheophene) polystyrene sulphonate (PEDOT: PSS) as the sensing  
material. This sensor has shown a very wide detection range of 2.1 × 102 cfu/ mL to 2.1 × 108 cfu/ mL.

Kim et al. have developed a series of MOF- polymer composite inks suitable for pen- writing, 
spin coating, drop- casting, stencil printing, and 3D molding [37]. They have developed this class 
of inks by mixing methacrylate- terminated perfluoropolyether (PFPE) with different MOFs such 
as HKUST- 1, MIL- 101 (Cr), MOF- 74 (Ni), ZIF- 8, ZIF- 67, etc. These inks can easily be used 
for printing sensors in various biomedical and biochemical sensor development work. There are 
many sensors developed using MOF inks with pre- printed sensor substrates and Zhao et al. have 
demonstrated a very successful biochemical sensor for detecting Fe(III) in water and human blood 
serum [38]. They have used MIL- 53 (Fe)- (OH)

2
 as the MOF to detect Fe (III) using the fluor-

escence quenching property of the MOF when exposed to Fe (III). The authors have attributed 
the fluorescence to 2,5- dihydroxyterepthelic acid (H4DOBDC) added to the solution. The MIL- Fe 
(III)-  (OH)

2
/  H4DOBC had a fluorescence quenching efficiency of 10.1% whereas the MIL- Fe (III)-  

(OH)
2
/  H4DOBC exposed to Fe (III) has shown a fluorescence quenching efficiency of 26.9% and 

therefore a clear variation can be seen. They have also demonstrated that the developed sensor has 
very good selectivity for Fe+ 3 against various common cations.

L- tryptophan is a neutral amino acid available in the human body which contributes to pro-
tein synthesis. In addition, it is a precursor to several biologically active compounds found in the 
human body such as melatonin, quinolinic acid, kynurenic acid, and tryptamine. Recent studies have 
revealed that the quantitative detection of L- tryptophan can be used to diagnose several metabolic 
disorders. A 3D Ni- based conductive MOF has been proposed by Huang et. al for detecting the 
L- tryptophan levels [39] as shown in Figure 20.6. The surface area of Ni- MOFs was 0.218 cm3/ g, 
upon doping with Co it increased to 0.453 cm3/ g which has more porous and effective for sensing.

They have prepared Ni- MOFs and Cobalt (Co) doped Ni- MOFs using a single- pot synthesis 
method and the sensors were printed on glassy carbon electrodes by the drop- casting method. Cyclic 
voltammetry and impedance spectrometry methods have been employed to measure L- tryptophan 
levels in samples. XPS studies showed that some of the Ni2+  were substituted by Co2+  which increases 
the number of holes that can interact with negative ions. Their sensors have displayed a linear range 
of 10 nML- 1 to 300 nML- 1 with the lowest detection limit of 8.7 nML- 1. Fabricated sensors showed 
better chemical stability, selectivity, and reproducibility.

Human Immunoglobulin G (IgG) is the most common type of antibody in the blood, and it  
protects the human body from viruses, bacteria, and fungi. Measuring the level of IgG is important  

FIGURE 20.5 A pictorial representation of (a) isotherm data for Hg (II) sorption and fitted using Langmuir 
model (b) photograph of 3D printed Ce- MOF device (c) variable concentration of Hg(II) vs. applied potential 
using anodic stripping voltammetry. Reproduced with permission [34]. Copyright 2020, Elsevier.
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for treating patients with different diseases, but it usually needs laboratory testing of blood samples.  
However, if IgG can be measured using a fast- response type clinical device, it would be a real con-
venience to medical clinicians in treating and managing patients. Liang et al. have developed a  
molecularly imprinted sensor based on Cu- MOF to successfully measure the IgG levels in human  
blood [40]. They propose a method of electrochemically depositing of Cu- MOFs on a glassy carbon  
electrode (GCE) and then followed by chitosan and glutaraldehyde to make high- binding loading  
sites for the IgG. Then this modified substrate was exposed to IgG and allowed it to bind the anti-
body and then a layer of polypyrrole was electropolymerized to cover the unoccupied sites. Next,  
they removed the IgG bound to the substrate leaving a cavity specific for IgG providing the select-
ivity for this protein. Consequently, non- electroactive glutaraldehyde species are associated with the  
amino group through aldehyde to form an imine bond with active species. Their CV measurements  
before and after the extraction of IgG clearly show that the molecular imprint has been successfully  
made. The sensor has shown a range of 0.01 to 10 ngmL- 1 and a limit of detection of 3pgmL- 1.

Measuring the level of glucose in the blood is a common test to determine the health of a patient 
and measuring the glucose content in products is of vital importance in the food industry. Enzyme- 
based measurement of blood glucose is the default standard, but the shelf- lifetime of these sensors 
is a concern. In addressing this problem researchers have developed non- enzyme MOF- based glu-
cose sensors where that can be stored on shelves for a long time as they do not have biomaterial in 
them. Meng et al. have developed a Co- based MOF (ZIF- 67) with various Ag percentages (0.1%, 
0.2%, 0.5%, and 0.8%) and printed the sensor electrode by drop casting these mixtures separately 
on polished glassy carbon electrodes [41]. Through cyclic voltammetry measurements, they have 
shown that there are two stages of redox peaks where one corresponds to the transition between 
Co(II) and Co(III), while the other peak corresponds to the transition between Co(III) and Co(IV). 
They have used amperometric measurements to determine the reaction current which is caused by 
the electrons released by glucose when it transits to gluconolactone under the provided potential. 
The range this sensor displayed is 2 –  1000 µM with a sensitivity of 0.379 µA µM- 1 cm- 2 and the 
limit of detection is 0.66 µM, where they are all suited for blood glucose measurement and industrial 

FIGURE 20.6 Schematic workflow of Co- Ni- MOF- 1% and the sensing strategy for L- tryptophan (Trp). 
Reprinted with permission [39]. Copyright 2022, Elsevier.
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measurement as well. The amount of research work found in developing MOF- based biomedical 
and biochemical sensors has increased exponentially in the past decade. However, still there is more 
to investigate in developing and fine- tuning MOF parameters to match specific sensing applications.

20.4  3D PRINTED MOF CHEMICAL AND ELECTROCHEMICAL SENSORS

Electrochemical sensors are popular in environmental and biomedical fields as they can be fine- 
tuned to have a very good selectivity using a variety of techniques. The electrochemical sensors may 
be used in liquid phase or gas/ vapor phase measurements where working with biofluids is common. 
Due to their relatively large size and structural properties, MOFs play a vital role in creating porous 
sensing material and increasing the active surface area for electrochemical reactions. The advantage 
of MOF- based electrochemical sensors is that due to the enhanced reaction area, they can provide 
significantly high reaction currents which can easily be monitored by microcontroller- based systems 
to develop low- cost instruments.

Organophosphates are neurotoxic chemicals commonly found in pesticides and nerve agents. 
Chlorpyrifos is an organophosphate banned by the UK in 2016, the EU in 2020, and the USA 
in 2021 as a dangerous chemical for agriculture due to its harmful effects. Therefore, detecting 
chlorpyrifos in water is important to monitor environmental health. Usually, it is detected by labora-
tory tests such as enzyme- linked immunoassay, high- performance liquid chromatography (HPLC), 
fluorimetry, surface- enhanced Raman scattering, etc. Janjani et al. have developed bimetallic MOF- 
modified screen- printed electrodes for electrochemical sensing of chlorpyrifos [42]. In their work 
pre-  synthesized MnFe- MOF and Nafion mixture was drop cast on printed carbon electrodes. 
Nafion has been used as the binder for MnFe- MOS and has been mixed under sonication. They have 
achieved a linear range of 1 nM to 100 nM and a detection limit of 0.85 nM using this 3D printed 
MnFe- MOF sensor.

The presence of toxic heavy metals in waterways is a worldwide problem and authorities spend 
a huge sum of funding to monitor heavy metal contamination in water to prevent the public from 
being exposed to contaminated water. Normally water samples from waterways and reservoirs are 
taken into laboratories and analyzed using high- end instruments to measure traces of heavy metals, 
but this is an expensive process and takes time. There are in- situ measurement systems developed by 
researchers for this purpose using different techniques and MOF- based sensors becoming a prom-
ising approach due to their inherent large porosity and ease of fabrication. Both mercury (Hg) and 
thallium (Tl) are highly toxic heavy metals and therefore detecting their presence and measuring the 
quantities in natural water is very important. Bghayeri et al. developed a Cu- based MOF sensor that 
can determine traces of Tl(I) and Hg(I) [43]. The sensor was developed by drop casting the mixture 
of Cu- MOF, dimethylformamide, ethanol, and DI water on a polished GCE. They have used square 
wave anodic stripping voltammetry (SWASV) to measure the traces of these two heavy metals and 
the simultaneous measuring ranges are 0.5 –  700 ppb and 1– 400 ppb for Tl and Hg, respectively. 
Chen et al. designed a platform to fabricate a portable, efficient and in- situ monitoring gas sensor 
using organolead halide- based MOF, which showed an immediate selectivity response to NH

3
 at a 

very low detection rate of 12 ppm [44]. Herein, they used lead chloride- based MOF which has high 
porosity, and chemical stability and these materials exhibit photoluminescent, stable fluorescence 
characteristics towards sensing chemical gases. The high selectivity of NH

3
 is due to the MOF por-

osity, where NH
3
 molecules are small, and it is attributed to the fast charge (mass) transport and 

strong interaction (coordination) with Pb2+  ions. Long- term exposure to NH
3
 will significantly affect 

the biological nervous system and it leads to blindness and neurological disorder. In aqueous- based 
MOF sensors, water molecules play a major role to enhance the strong coordination between the 
host and guest ion due to the nucleophilic substitution effect. Because NH

3
 nucleophilicity is more 

than H
2
O, tends to form a Pb2+ - NH

3
. Various characterization techniques including X- ray photo-

electron spectroscopy (XPS), Powder X- ray diffraction (PXRD), UV- Vis diffuse reflectance spectra 
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(UV- Vis), photoluminescence decay curves, and Density functional theory (DFT) showed a similar 
interaction site showed high selectivity towards NH

3
 in compared with nitrogen, carbon dioxide, and 

oxygen. This study showed a better understanding of solid- state in situ gas sensors using various 
coordination sites. DMello et al. functionalized a MOF with an amine to detect acidic gases such 
as sulfur dioxide (SO

2
), nitrogen dioxide (NO

2
), and carbon dioxide (CO

2
) with a detection limit of 

1 to 10 ppm, 10 ppm, and 5000 ppm [45]. They have developed a composite based on metal oxide, 
Zirconium Zr- NH

2
 benzene dicarboxylate (NH

2
- UiO- 66) at 150 °C and are semiconductive. Amine 

acts as a functionalization layer (linker), to increase the adsorption effect which allows the charge 
transfer between the functional complexes [46]. It showed a very good response over 1200 s by 
varying the concentration of gases over some time and it highlights the organic linker to sense other 
gases based on choosing suitable functional groups. From the understanding of the charge transfer 
phenomenon, the band position of the highest occupied crystal orbital (HOCO) at ~ - 5 eV and 
lowest occupied crystal orbital (LUCO) at ~ - 2.5 eV of MOF structure to the HOMO- LUMO of the 
guest (analyte) gases [47]. Further introduction of pore surface functionalization of MOF surface 
will increase the detection limit and operate at room temperature conditions.

Arsenic (As) is another heavy metal found in natural waters mainly through waste disposal and 
agricultural chemicals but also presents in soil by natural occurrences in some parts of the world. 
Arsenic can be found in the forms of As(III) and As(V) in natural waterways. Detecting and meas-
uring Arsenic in water is like other heavy metal detection, where it needs expensive laboratory 
testing equipment. P. Xiao et al. have prepared Fe- MOF/ MXene dispersed in DI water and drop cast 
it on polished GCE to make their sensor [48] as shown in Figure 20.7.

They employed the SAWSV method to determine the As (III) in water and showed good dual  
linear ranges of 1– 10 ngL- 1 and 10 - 100 ngL- 1 where the sensitivity of the first range was 8.94  
µAngL- 1. Detection and measurement of volatile organic compounds (VOC) is an important part  
of air quality monitoring. This involves multiple sensors, mostly semiconductor or metal oxide-  
based ones. However, in the recent past, MOFs have shown that they are suitable for developing air  
quality monitoring sensors. Fernandez et al. have shown that an ionic liquid (IL) /  MOF compound  
gives promising results for VOC detection [49]. The IL used was 1- Ethyl- 3- methylimidazolium  

FIGURE 20.7 The schematic representation of adsorption and deposition assisted As (III) detection on Fe- 
MOF/ MXene by square wave anodic stripping voltammetry. Reproduced with permission [48]. Copyright 
2022, Elsevier.
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bis(trifluoromethyl sulfonyl)imide and the MOF used was UiO- 66- (OH)2. The 2D silver electrodes  
were screen printed and the sensor substrate was 3D printed using a spray printing method. This  
was done at 100 °C to promote rapid solvent evaporation. It could detect acetone and ethanol  
concentrations in the range of 10k to 100k ppm in less than a second. Acrylonitrile butadiene styrene  
(ABS) is extensively used in 3D- printing industries due to its viable mechanical, thermal, and chem-
ical (binding) properties. Pellejero et al. functionalized ABS with MOF to sense toxic gases [50].  
They have used ZIF- 8 (Zeolitic Imidazolate Framework) as a MOF with ABS using post- synthesis  
surface modification techniques to improve the adsorption, wettability, chemical interaction, thermal  
stability, and mechanical integrity. By using the FFF technique, they extruded the circular mesh type  
structure using ABS- ZIF- 8 composite and then deposited ZnO layer at 60 °C and 100 °C on 3D-  
printed structures and later exposed to diethyl zinc and it acts as a metal precursor. The adsorption  
studies were carried out by loading the MOF composites in the quartz column with a presence of  
dimethyl methylphosphonate vapor at 10 mL/ min. Thermal studies showed the nucleation effect  
on the ZIF- 8 surface due to the ZnO layer dissolution (rection of Zn2+ ). From the understanding  
of metal oxide interaction, it is a new pathway to deposit on MOF surface or to bind with MOF to  
improve the functionalities in sensing toxic gases.

All these MOF- based electrochemical sensors show that there are opportunities for developing 
MOF- based sensors for environmental parameter measurement in the future.

20.5  CONCLUSION AND OUTLOOK

MOF materials and their intrinsic properties have extensively grown and started exploring 3D MOF 
composites. 3D- printed MOFs are showing more potential sensing materials because of their large 
surface area, surface functionalization by tuning the metal ions and ligands, and porosity to attract 
the host molecules (analytes). Some 3D- printed MOFs are ultra- sensitive to selective gases and 
chemically robust after several exposures in air and aqueous medium. In addition, 3D MOFs pro-
mote in situ sensing features to attract real- time adsorption of gases or ions for real- time applications. 
However, further improvements on 3D- printed MOF materials are still needed to use in real- time 
sensors such as high selectivity to other gases, reproducibility, response time, thermal stability, 
shelf life, and sensitivity. The binding of organic semiconductors and other functional materials to 
enhance the sensing functionalities and their real- world prototypes could be some of the innovative 
approaches for future applications. In the future, 3D- printed MOF- based sensors will grow rapidly 
by approaching practical sensing fields.
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21.1  INTRODUCTION

In addition to the various areas in which the 3D- printing technologies are used, this knowledge 
applied for biomedical purposes is gaining more space in several health applications. Going beyond 
the standard use for the production of medical equipment and implants, additive manufacturing can 
reproduce precise anatomic- specific 3D models for the visualization of organs and structures, usu-
ally called 3D biomodels. The use of biomodels has a wide range of advantages, including reduc-
tion of surgical costs, related to reducing the operating time due to previous surgical planning with 
the use of biomodels. This approach facilitates the communication between physician and patient, 
as the biomodels have proven to be adequate for educational tools, which facilitates the patients’ 
understanding of their pathological process, thus allowing them to become better informed about 
the whole treatment process. Additionally, 3D printing is also used to produce personalized sur-
gical guides, commonly used in the fields of orthopedics and maxillofacial surgery, optimizing and 
reducing surgery time. The most commonly used types of printers and processes for application in 
medical settings and surgical training are multijet modeling, binder jetting, selective laser sintering 
(SLS), stereolithography (STL), and fused deposition modeling (FDM) [1].

Therefore, this chapter aims to provide a broad overview of medical applications involving addi-
tive manufacturing. Different medical fields are covered, mainly those that more extensively use 
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3D- printing technologies. The chapter is divided into the following topics: 3D printing in neuro-
surgical planning and cardiology; prostheses and orthopedic surgeries; dentistry; 4D printing; and 
conclusion.

21.2  3D PRINTING IN NEUROSURGICAL PLANNING AND CARDIOLOGY

The continuous technological advances in medicine, including the visualization of internal organs 
provided by different imaging modalities, such as computerized tomography (CT), magnetic res-
onance imaging (MRI), and ultrasound (US)), and the possibility of transforming two- dimensional 
(2D) data into three- dimensional (3D) models, made possible the reproduction by additive manu-
facturing of patient- specific and precise anatomic models that allow for 3D visualization of organs 
and structures; these are called biomodels [2]. Some of these applications of additive manufacturing 
in the field of medical sciences were in neurosurgery, thus allowing for a broader range of research 
topics over the years and a more consolidated state- of- the- art knowledge.

These biomodels may be used for research, teaching, and surgical planning, which includes the 
visualization of the organs or tissues to be operated on, and the respective simulation of the surgical 
process. Therefore, it includes the use of equipment, in addition to demonstrating the process to 
the patient [1], [3], making the diagnosis, information, and treatment processes more personalized 
[4], since they facilitate communication between physician and patient. The use of biomodels is 
beneficial for the understanding of the disease by the patient, with studies dating back from 1999 
onwards [5], [6]. Then, it consistently demonstrates that the tactile experience of holding a model 
of the affected organic structure (intracranial aneurysms), greatly adds to the overall information 
of the patient. Thus, it allows for the consent of eventual surgery to be truly based on an accurate 
understanding of their disease [7].

Other well- established usages of biomodels in neurosurgery include its role in the training of new 
medical professionals [3]. This is due since these biomodels have assisted in training for complex 
surgeries by young surgeons in cases of intracranial aneurysms [8]. These manufactured models are 
not only reproductions of the aneurysm and its surrounding vessels, but also includes the cranial 
structures surrounding them.

Yet another well- established advantage of the use of biomodels in neurosurgery is the con-
struction of structures to visually facilitate comprehension of complex anatomical features. This 
is due to computer screens representing two- dimensional images, even if they are showing images 
of three- dimensional structures. Then, the understanding of the depth and other morphological 
features may be impaired, which leads to longer operating times. To overcome such problems, the 
use of biomodels has been extensively studied and showed to be of great assistance in contributing 
to the anatomical understanding of complex anatomies, especially in terms of depth. Therefore, 
biomodels have been shown to reduce operating times, which, in turn, leads to a reduction in sur-
gical costs, since fewer resources (such as oxygen) are also used in surgeries performed with the aid 
of biomodels [9], [10]. In other terms, two- dimensional images may not be easily understood about 
other adjacent structures and complex anatomical irregularities, and also because the interpretation 
of three- dimensional virtual images depends on the interpreters’ mental abilities to transform two- 
dimensional images into three- dimensional visualization. The printed biomodels are particularly 
useful to neurosurgeons, as the real models of the structures can bring a tactile expression with no 
need for the surgeon solely rely on two- dimensional images on a screen, since a tactile, real 3D 
biomodel is available.

Nowadays, many neurosurgical fields are being promoted from the use of 3D biomodels, 
including spinal surgery, neuro- oncology, and pediatric neurosurgery, among others. Perhaps more 
than any other field, though, neurovascular and endovascular surgery have benefited the most from 
the use of biomodels. The additive manufacture of biomodels for intracranial aneurysms has long 
been the prototype of the use of such models in neurosurgery since they represent relatively small 
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lesions that are easily distinguished from the surrounding structures. An analogy may be established 
with the use of biomodels to plan for tumor resections, in which the lesion is deeply intertwined 
within health neuronal structures, which leads to difficult segmentation of medical images (using 
different imaging modalities, such as computed tomography or magnetic resonance imaging –  even 
combined and fused), to generate a model solely on the structure of interest.

The aforementioned uses for biomodels in surgical planning, training of new surgeons, and 
patient information, have all been extensively tested in studies involving brain aneurysms, which 
have become one of the prototypical uses of biomodels within neurosurgery. The use of biomodels 
for surgical planning concerning intracranial aneurysms has followed what can be broadly 
considered as a pattern of evolutive, or incremental uses of the material. Many of the first models 
were produced using fused deposition modeling (FDM) printers to create, for instance, acrylonitrile 
butadiene styrene (ABS) models of the arteries, originally used for patient education purposes [6] 
and visualization of complex 3D vascular structures [5], sometimes with the integration of cra-
nial structures [11]. Afterward, a new model emerged covering the ABS with silicone material, 
resulting in an integrated model Then, both are submerged into acetone, dissolving the ABS and 
generating a hollow model of the arterial wall [2], [8], [12]. More recent developments include 
the use of other modern materials for additive manufacturers, such as flexible resin, made with 
liquid- crystal display (LCD) 3D printers, to produce flexible and hollow aneurysms biomodels as 
well [13].

To illustrate some of the results, obtained from the design and manufacture of intracranial 
aneurysms in our research, Figure 21.1 shows the 3D- printed models of different regions and 
materials, as follows: (A) Internal carotid artery aneurysm, with a focus on the surrounding bone 
structures, produced in white resin in an LCD printer; the artery was painted afterward with acrylic 
paint, for better visualization purposes; (B) middle cerebral artery aneurysm, produced in resin in an 
LCD printer; (C) Internal carotid artery printed on an LCD printer, using flexible resin.

Still, in the neurovascular field, different studies have shown that 3D printing is a useful tool for  
surgical planning of even more complex lesions, such as arteriovenous malformations (AVMs). An  
example to be mentioned here is the process of prior training and procedural simulations using the  
manufactured biomodels. The main advantage of such an approach is the reduction in intraoperative  
time as previously reported in our studies involving aneurysms [2]. Figure 21.2 illustrates the  
3D- printed biomodel being used for surgical planning, exactly when the surgery is happening  

FIGURE 21.1 Aneurysm biomodels designed and manufactured for surgical planning: (A) Internal carotid 
artery aneurysm, with surrounding bone structures, produced in white resin in an LCD printer; the artery was 
painted afterward with acrylic paint, for better visualization purposes; (B) Middle cerebral artery aneurysm, 
produced in resin in an LCD printer; (C) Internal carotid artery printed on an LCD printer, using flexible resin.
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(Figure 21.2A). It is showing an arteriovenous malformation (AVMs) being compared with the 3D-  
printed model, representing both the AVM and the cerebral vessels (Figure 21.2B).

In the subfield of neuro- oncology, 3D biomodels have been used to assess the tumor infiltration 
area and its relationship with the surrounding healthy tissue, helping with the delineation of the 
resection borders. Thereby, 3D printing, associated with several medical imaging modalities, mostly 
magnetic resonance imaging (MRI), provides personalized surgical planning for patient care. Since 
it enables 2D images to be translated into personalized 3D biomodels that characterize the rela-
tionship between tumorous and healthy brain tissue, facilitating the anatomical understanding and 
resulting in the planning of the most effective treatment [14]. However, there are different levels of 
complexity, given the challenges in providing appropriate thresholding between the neoplasm and 
the healthy neuronal tissues, since they are often deeply infiltrated one into another. For the manu-
facturing of such complex models, it is possible to combine 3D printing with other techniques. For 
example, using the 3D printing of molds forming the brain parenchyma made of silicone (resem-
bling the real structure) together with the tumor or other structures printed in different materials 
[15]; provides clearer interfaces between tumor and healthy tissues.

Moreover, biomodels can also be combined with traditional anatomy teaching methods, such 
as cadaveric pieces. The literature brings 3D biomodels representing vascular systems containing 
aneurysms, to be implanted in cadavers to conduct research for training and simulation of surgical 
scenarios and to study anatomical approaches [16]. Another branch of the circulatory system that is 
also subjected to studies on 3D printing is cardiology and cardiac surgery, which are contributing to 
more efficient planning of surgical interventions. For example, it is possible to print models through 
additive manufacturing of any cardiac compartment (ventricles and atria), or valve (aortic, mitral, 
pulmonary, or tricuspid). To illustrate, Figure 21.3 shows a 3D model of a left atrium, representing 
an enlarged atrial appendage, made with a flexible resin material.

The purposes that were described for other medical fields remain the same, such as: the models 
can be used for didactic purposes, i.e., for training new professionals and to inform and explain the 
procedures to the patients; also, it can be used as scaffolding in cell culture for replacing affected 
areas and for surgical simulations [17].

Cardiologic and pathological problems treated with the aid of additive manufacturing include 
aortic valve defects (such as stenosis due to calcification), atrial septal defect closure; complex 
arrhythmias (in which models of left atrium allow for better anatomical understanding), closure of 
enlarged left atrial appendages; pulmonary valve defects, and models of transcatheter caval valve 
implantation, among other cardiac requests [17]– [19].

FIGURE 21.2 Biomodel of arteriovenous malformation (AVMs) used for surgical planning, showing: (A) 3D 
model of the same surgical region, compared with the 3D printed model (with posterior painting to discriminate 
arteries, veins, and AVM). (B) 3D model after printing the cerebral vessels using an FDM printer.
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21.3  PROSTHESES AND ORTHOPEDIC SURGERIES

Additive manufacturing has also been widely used in the field of prostheses. Prostheses refer to 
devices that are used to substitute a part of the body that is not functional anymore. One of the most 
widely applied uses of prostheses is in the field of cranioplasty surgeries, in which a synthetic plate 
is placed to correct a skull gap area, normally coming from previous surgery to decompress the skull. 
With 3D- printing techniques, these patient- specific plates are normally produced in two ways: (1) 
additive manufacture of the plate itself with biocompatible materials, or (2) additive manufacture of 
patient- specific molds, which will then be used to form the plate with conventional materials. The 
approach of 3D printing of the mold is the cheapest option, as it can be done with open- source soft-
ware and desktop 3D printers. These molds are created from the imaging modalities available for the 
flaw region to be reconstructed (normally, employed in computerized tomography –  CT), which is 
used to mold polymethylmethacrylate (PMMA) plates, using a material popularly known as ‘bone 
cement’. Figure 21.4 illustrates a case study of the process of cranioplasty planning, which also used 
3D printing. First, it is generated a digital 3D model of the affected region, i.e., the skull (A). Then it 
is created a skull plate, which is manufactured from the mold, in this case, made of PMMA (B). And 
finally, the implanted PMMA cranial plate is ready to be employed in the surgery and to be placed 
in the affected region, within the operating room. This technique can be used within hospitals, with 
the support of the surgical team, delivering excellent results, both in terms of mechanical properties 
and aesthetics [20], [21].

More recently, as an alternative to PMMA implants, prostheses made of synthetic materials, 
such as titanium or polyetheretherketone (PEEK) being manufactured within 3D printing have been 
developed. Titanium plates can be produced through the use of selective laser melting (SLM) 3D 
printers, corresponding to a powder bed fusion 3D- printing technology. Another option is printing 
plates with PEEK, a high- temperature thermoplastic polymer, on a fused filament fabrication (FFF) 
printer [20]. In orthopedic surgeries, the anatomical reconstructions of bone structures allow for 
better anatomical understanding by medical students and residents helping with teaching, training, 
and simulations [22]. As an example of such a medical application, Figure 21.5 illustrates a 3D- 
printed model of a knee, including several anatomical regions altogether, such as the patella, femur, 
and tibia, which were manufactured in ABS material.

FIGURE 21.3 3D printed model of a left atrium with an enlarged atrial appendage, made with flexible resin.
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A more promising use of additive manufacturing in the orthopedic surgery field is the use of power  
bed fusion technologies to selectively melt and deposit layers of metal. The field is still growing, as  
the overall cost nowadays still exceeds the costs of traditional manufacturing of prosthetic materials.  
Titanium and chrome- cobalt alloys are particularly useful for the 3D printing of patient- specific  
prosthetic materials. The extremely porous surfaces of 3D- printed implants made with titanium  
facilitate bone growth and allow for fixation stability, as tested in acetabular cups for hip arthroplasty  
[23]. Other modifications, such as cell or drug loading, can contribute to lower infection rates and  
improve osseointegration. While costs may still be a concern, the overall spread of the technique  
will allow price reduction. 3D- printed orthopedic materials seem to have no increase in mechanical  
failure or aseptic loosening [24], which may widely encourage the adoption of such a technique.

FIGURE 21.5 3D printed model of a knee, including patella, femur, and tibia, manufactured in ABS.

FIGURE 21.4 An example of cranioplasty planning, which was performed with 3D printing: (A) Digital 
3D modeling of the cranial plate; (B) The skull plate made of PMMA, manufactured from the mold; (C) the 
implanted PMMA cranial plate placed within the affected region, in the operating room.
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21.4  DENTISTRY

In dentistry, additive manufacturing, combined with 3D digital modeling, is commonly used in the 
manufacture of dentures. The denture bases and denture teeth are 3D printed using methacrylate- 
based and light- curing resins. The teeth are printed separately and later joined using a light- curing 
adhesive. Due to the perfect digital processing, these dentures are more comfortable for the patient, 
corresponding accurately to their Bucco- maxilla anatomy.

Still, in dentistry, the common use of 3D printing is the manufacturing of crowns and bridges for 
implants in missing teeth regions. For this, the stereolithography (SLA) technique can be used, as it 
offers great efficiency and high levels of precision, which can produce parts with a resolution up to 
0.05 mm [25]. Overall, various technologies in additive manufacturing present benefits in dentistry. 
Such 3D models can be used to study complex anatomic features, such as the structure presented 
in Figure 21.6. In this example, it is shown the model of a mandibular branch for understanding 
the relationship between the wisdom tooth and the nearby bony structures, is being compared to 
radiography.

Accurate implants can be made with low cost and superior strength [26], with the use of the binding 
jet technique. The same technique can be used to produce partial dentures using metallic powder. 
Contrary to neurosurgery, dentistry relies mostly on micro- computed tomography or intraoral 3D 
scanning to enable the digitalization of the buccal frame. Therefore, both approaches are respon-
sible for providing the models for 3D printing (in STL format). Yet another advantage of the use of 
3D printing is the ability to produce complex dental implants, meeting accurate shapes and sizes 
[27]. For dental restoration materials, comparisons have been made between additive manufacturing 
and the conventional subtractive manufacturing methods with zirconia and wax, leading to superior 
accuracy of the additive manufacturing techniques [26]. An additional advantage is the possibility 
of using digital reconstructions for inventory and reducing storage costs [28].

In summary, additive manufacturing in dentistry can be used to generate 3D- printed dental  
implants, with accuracy and increased comfort for the patients, helping in repairing and replacement  
of damaged teeth. The 3D models and their printed displays favor the following applications: con-
struction of surgical guides; creation of orthodontic models for treatment of dental and mandibular  

FIGURE 21.6 Polylactic acid model of the mandibular branch for the study of the relationship between the 
wisdom tooth and the nearby bony structures, as it is seen and compared to the radiography.
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irregularities; printing of aligners; creation of patient- specific braces; and manufacturing of  
crowns and dentures. Therefore, such technology allows the manufacturing of dentistry devices  
in a fast, accurate, and less costly design of new surgical tools on- demand, as well as for educational 
purposes, considering the training of new professionals [26]. Then, in the dentistry field, it  
is expected that additive manufacturing will allow further cost reduction, including prosthodontic  
physical models and custom dental implants that are fully functional and with new biocompatible  
materials as well.

Still, for oral, maxillofacial surgeries and orthopedics, the use of 3D printing has become wide-
spread, regarding the additional use of surgical guidance systems during complex and detailed 
procedures. These guides are based primarily on computed tomography, magnetic resonance 
imaging, and volumetric ultrasound. Additionally, these data may be supplemented by 3D digital 
scanners, especially in the context of maxillofacial surgeries, which is a branch of dentistry.

In surgeries for mandibular defects, titanium plates are widely used for mandibular reconstruc-
tion. Traditionally, these plates were molded during surgery, which resulted in time- consuming 
operations. With advances in additive manufacturing and the possibility of faithfully printing body 
parts, this process of modeling the plates can be done before surgery, using the 3D- printed mandible 
as a mold. This approach results in less surgery time, helping the patients with easier and faster 
recovery since they spend less time under anesthesia. Additionally, it brings benefits in terms of cost 
for the surgery and the health insurance as well [29].

21.5  4D PRINTING

The 3D- printing technology or additive manufacturing has been widely used in many industries and 
research in various fields, from pharmaceutics to textile. The success of this kind of manufacture 
is related to its characteristics such as low cost, versatility regarding the complex geometries, and 
material saving. 3D printing, although significant to speed up innovation, produces static structures 
useful, for example, in prototypes, static accessory parts, and decoration pieces [30]. However, if it 
is necessary to produce pieces that respond to a stimulus to perform a specific function, defined as a 
dynamic structure; 3D printing is not appropriate. Then 4D printing was developed and introduced 
by Tibbit Skylar [31]. Therefore, 4D printing is the 3D printing added with another stimulus in the 
dimension of time [31], [32]. It is possible due to the possibility of the structure changes its forms 
when some stimulus is applied, such as UV light, temperature, humidity, pressure, etc., as shown in 
Figure 21.7, allowing the generation of a smart dynamic structure.

Using additive manufacturing with two or more materials and the 4D- printing technique, it is 
possible to create a component where the primary shape printed can be transformed into another. 
In this sense, the structure can be programmed to change its unidimensional or 2D shape into a 3D 
form or even move when some external stimulus is imposed [31]. In this sense, the main purpose 
of 4D printing is to produce components that can be programmed according to their reaction to 
the controlled parameters of the environment. In some way, 4D printing emerged as an inspiration 
from nature. One example is the pinecone opening according to the humidity of the environment. In 
short, each pinecone scale is formed by active and passive fibers, which allow the pinecone to open 
to release seeds only when the humidity is favorable for germination [33]. Therefore, linking 4D 
printing to developing smart materials and metamaterials is possible.

Smart, functional, or active materials can respond to environmental stimuli, such as temperature,  
pressure, pH, light, and humidity [34], [35]. The response can lead to physical transformations such  
as shape and transparency, changes in mechanical properties such as stiffness or flexibility, or even  
degradation due to a chemical transformation. Among the smart materials used in 4D printing, the  
shape memory polymers (SMPs) stand out, changing their mechanical characteristic from stiff to  
rubbery due to their glass transition temperature (Tg) ranging from - 70 to 100 ºC [34]. Therefore, by  
printing different SMPs in the same piece, the differences in stiffness and flexibility cause tailored  
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shapes to be formed. One example of a multi- material system in 4D printing is using SMP fibers  
with different Tg to create a composite that responds adversely to the environmental temperature.  
In their work, Wu et al. (2016 [36]) printed a system with three polymeric filaments, one used as  
the matrix and the other printed in subsequent layers. The printed system was subject to a longitu-
dinal strain of 10% at 70 ºC, then cooled to 0 ºC, maintaining the stress. After uniformization of  
the 0 ºC throughout the sample, the stress was released. The sample was heated gradually, showing  
the continuing curved shape recovery because of the differences in Tg of the fibers. However, due  
to the shape memory, the sample was completely straight when immersed in water at 70 ºC [36]. It  
is worth noting that the SMPs have only temporary and permanent shapes, which means that their  
shape changes with the external stimulus. In the preceding example, if the environmental tempera-
ture varies, the sample changes its curvature. In other words, it is only possible to maintain the shape  
by controlling the temperature. Additionally, combining the materials to achieve the desired shape  
by applying a specific stimulus is a big challenge.

Other active or smart materials are among the hydrogels [37] that can be tailored to swell when 
hydrated or shrink when dried. Su et al. (2017 [38]) built 3D- printing patterns of a soft functional 
polymer based on swellable cyclopentanone entrapped in a non- swellable matrix. They printed a 
sample composed of active and passive parts. To produce the active region, the printed piece was 
exposed to UV light to polymerization, guaranteeing the retention of the swellable cyclopentanone 
in the matrix, followed by solidification through heating. The printed passive piece was created by 
heating to eliminate the cyclopentanone before the exposition to UV light to polymerization. Then, 
the shape- morphing sample was composed of a swellable active part that responded to acetone and 
a non- swellable passive part that did not respond to acetone creating a 3D structure from a planar 
one after immersion in acetone. The planar structure was recovered when the acetone was removed. 
This interesting work shows the versatility of 4D printing, which can be applied in many fields. 
For instance, this structure with active and passive parts, swelling and shrinking in response to an 
external stimulus, allows movements without robotics or motors.

FIGURE 21.7 Representation of the differences between 3D and 4D printing. Focus is given to a variety 
of possible stimuli to be applied, such as UV light, temperature, humidity, pressure, magnetic field, voltage 
differences, etc –  which allows the creation of a smart dynamic structure.
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Although the great advantage of 4D printing is to transform a one- dimensional component into a 
three- dimensional shape, a straightforward way to work with 4D printing is to create some anisot-
ropy in the material during the printing process, as in the printing of metamaterials. The prefix 
‘meta’ indicates that the characteristics of the material are beyond those we observe in nature. In 
other words, metamaterials are materials artificially manufactured to have their properties derived 
from their designed shape and size [39]. So, the metamaterial is shape- changing material with pro-
grammed architecture that changes its original shape to a new one after a stimulus and returns 
to its primary shape as soon as the stimulus is removed. In terms of 4D printing, metamaterials 
are mentioned as having shape- shifting or shape morphing behavior under the stimulus, useful in 
applications such as robots, medical devices, and actuators like in exoskeletons [40]. The litera-
ture brings some works where the main goal is shape transformation under stress to cause elastic 
deformations or use environmental temperature to control the degree of deformations.

Although 4D printing is a promising technology, there are some challenges mainly related to smart 
multi- material applications that must present printability, post- print stability, and be simultaneously 
resistant to the stimuli to be imposed. Some problems also need to be overcome, such as the low 
resolution of the pieces and the control in the speed of response to stimuli. The hydrogel constructs 
for cell scaffolds are future applications of 4D printing. The stimulus could physiologically modu-
late the molecular and cellular adhesion and improve the dynamic of cell migration, proliferation, 
and differentiation. Also, the future can build organs or constructs in reduced volume that reach their 
specific volume and shape inside the body due to programmed stimuli [41]. Stents can be a device 
printed in a smart polymer that changes its shape after being inserted into arteries stimulated by 
temperature, for instance. A great potential of 4D printing is in tissue regeneration, where there is a 
variation in mechanical properties according to the load applied, such as in muscles and bones [42]. 
In the repair of part of the cardiac muscle 4D printing can be used to produce biocompatible smart 
materials patches that can adjust to the curvature of the heart, enabling the appropriate regeneration of 
the tissue. Additionally, being foldable, the patches can be inserted with minimally invasive surgery. 
Some cardiovascular implants have been tested in vitro and in vivo in animal models [43].

21.6  CONCLUSION

As presented in this chapter, the 3D- printing technologies have many insertions in different medical 
applications, especially related to 3D printing in neurosurgical planning and cardiology, prostheses 
and orthopedic surgeries, and dentistry. Such technology is being applied to the teaching, training, 
and development of surgical techniques and medical devices among others. The advantages of the 
3D- printing technique are the low- cost and versatility of the manufactured parts, as it is also well 
accepted in the medical field.

The use of biomaterials in medical devices is conditioned not only on the materials’ proper-
ties but also on the manufacturing parameters that affect the quality and safety requirements for 
the desired application. Although recent literature has reported the versatility of 4D printing, some 
challenges must be overcome. The many types of biomaterials classified as smart or responsive 
materials, which respond to different stimuli in different ways, and can still be used together, pro-
vide a myriad of alternative architectures to suit the application of the medical device. However, 4D 
printing is expected to evolve rapidly in the coming years, allowing the inclusion of control over 
material responses to external stimuli.
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22.1  INTRODUCTION

Biomolecules and biomaterials have important roles in tissue engineering and biomedical 
applications. In recent years, biomaterials in the form of nanomaterials, due to their nanoscale- sized 
properties, have attracted much attention from biomedical researchers. Among these nanomaterials, 
CBNs have been developed as a novel type of biomaterial due to their unique physicochemical, 
mechanical, and biological properties such as excellent chemical and thermal stability, high mech-
anical strength, high electrical conductivity, ease of functionalization, and antimicrobial activity [1]. 
Many studies confirmed that CBNs can extensively adsorb various biomolecules through electro-
static interactions and can be developed as appropriate materials for biosensors and loading drugs. 
Each member of the carbon family presents unique properties and has been used in different bio-
logical applications. Despite the many advantages of the CBNs, their cytocompatibility is very com-
plex and a severe challenge for scientists with biomaterials. The toxicity effects of CBNs originated 
from high dose usage; therefore, it is essential to determine the optimum dosage to minimize their 
toxicity [2]. CBNs need to be surface functionalized for biomedical applications to render them 
passive, non- toxic, and water- soluble. These serious challenges usually are overcome by surface 
modification with covalent approaches such as dehydrogenation, ozonolysis, oxidation, and plasma 
treatments [3]. In addition, functionalization is an appropriate and effective technique for producing 
multifunctional, multimodal, and high- performance biomaterials. For example, modified CBNs sig-
nificantly increase the production of reactive oxygen species (ROS) in cancer cells, and ROS can 
inhibit cancer cell proliferation and kill them [4]. 3D printing is currently one of the easiest and most 
popular techniques for producing these biomaterials. This method can create suitable geometry, 
needs no dedicated clamp, provides a valuable tool for visualization, and 3D printing organs is pos-
sible, too [5]. This book chapter intends to study the properties and the performance of 3D- printed 
CBNs in tissue engineering and biomedical applications.

22.2  TYPES OF CBNS

The different types of CBNs are explained in the following sections.

22.2.1  carBon nanotuBes (cnts)

Iijima introduced CNTs at the beginning of the twenty- first century. They showed a tubular shape 
and large surface area, ultra- small size, high reactivity, and conjugation with therapeutic molecules 
are their privileged features [6]. They divide CNTs into two groups: single wall or multiple walls. 
Single- walled carbon nanotubes (SWCNTs) diameters are less than 1 nm, and they prefer to be 
curved. Multi- walled carbon nanotubes (MWCNTs) have different manner; the number of layers 
determines diameter. The outer diameter of MWCNTs ranges from 2 to 30 nm, and the inner diam-
eter varies from 0.4 nm up to a few nanometers [3]. The properties of CNTs are indeed attractive; 
over the last 10 years, many studies have shown numerous applications of CNTs in regenerative 
medicine. The toxicity of CNTs is a crucial issue that has attracted the attention of many researchers 
and has not yet been answered correctly. More studies are needed to determine the optimal bio-
logical dose of CNTs [7].

22.2.2  graPhene

In 1947, physicist Philip R. Wallace conducted a theoretical study of graphene (G) to understand 
the electronic structure of graphite. In 1986, chemists Hanns- peter Boehm, Ralph Setton, and 
Eberhard Stumpp, coined the term graphene as a combination of the word graphite, referring to 
carbon in its ordered crystalline form, and the suffix ‘- ene’ referring to graphite’s polycyclic aro-
matic hydrocarbons, which organize the carbon atoms in a hexagonal, or six- sided, ring structure 
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[4]. Since G demonstrates high electrical conductivity, high surface area, and excellent thermal con-
ductivity, many researchers are developing practical applications for drug delivery, as a material for 
building biosensors, as a potential antibacterial agent, and as a scaffold for tissue engineering [8].

22.2.3  graPhene oxide and reduced graPhene oxide

Graphene oxide (GO) is an oxidized form of G, laced with oxygen- containing groups, making it 
easy to process since it is dispersible in water and other solvents. It can even be used to make 
G. Four basic methods are used to synthesize GO: Staudenmaier, Hofmann, Brodie, and Hummers. 
Variations are explored with an emphasis on achieving better results and cheaper processes. The 
effectiveness of oxidation processes is evaluated by the ratio of carbon/ oxygen atoms of the GO. 
GO can easily be mixed with different polymers and other materials and enhance properties of 
composite materials like tensile strength, elasticity, conductivity, and more. GO’s fluorescent 
appearance makes it appropriate for various medical applications. Biosensing and disease detection, 
drug carries, and antibacterial materials are some of the ways GO can be utilized in the biomedical 
field [4]. GO can be reduced to G using chemical, thermal or electrochemical methods. The material 
produced is called reduced GO (rGO). Reducing GO by chemical reduction is very scalable, but 
unfortunately, the produced rGO is typically poor. Thermally reducing GO requires temperatures 
of 1000 °C or higher which damages the structure of the G platelets. However, the overall quality 
of the produced rGO is quite good. Electrochemical methods have been shown to produce very 
high- quality rGO, almost identical to pristine G. However, the method still suffers from scalability 
issues (10). Furthermore, many researchers confirmed that G derivatives induce cells to differen-
tiate to specific lineages such as adipogenesis, osteogenesis, chondrogenesis, etc. rGO improves 
the interactions with biomolecules, cells, and polymers. This manner of rGO was attributed to its 
structural defects [9].

22.2.4  carBon dots

Carbon dots (CDs) are optically active nanomaterials formed by 2– 3- parallel G sheets. Excellent 
solubility in water, optical properties, biocompatibility, and chemical inertness are some of their 
properties. In addition, high brightness and photostability, low cost, small size, and controllable 
surface functions make CDs a promising tool in medicine and biomedical engineering. Compared 
with CDs and other CBNs, research on CDs is still in a primary step. It should be noted that there 
are no systematic and scalable synthesis methods to produce high- quality CDs with favorable 
structures [10].

22.3  TRENDS IN 3D- PRINTING METHODS FOR BIOMEDICAL   
APPLICATIONS

3D printing is also called additive manufacturing. This term accurately describes how this technology 
works to create objects. ‘Additive’ refers to the successive addition of thin layers to create an  
object. All 3D- printing technologies are similar, as they construct an object layer by layer to create  
complex shapes. It allows for the design and print of more complex designs than traditional manufac-
turing processes. Previous research classified 3D- printing methods according to the physical state  
of the main material, and it can be applied to ceramic, metal, polymer, and composites. Polymers  
are the first material group produced with this technique and, to date, constitute a wide range of  
materials. Natural and synthetic polymers are mainly used as inks [11], [12]. Chitosan, collagen,  
alginate, and hyaluronic acid are the most widely used natural polymers. Meanwhile, polylactic  
acid (PLA), polyglycolic acid (PGA), polylactic- co- glycolic acid (PLGA), polyurethane (PU), and  
polycaprolactone (PCL) are synthetic polymers that are attractive for biomedical applications [12].  
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Biomedical applications of 3D printed CBNs have been discussed in the following sections. In  
Figure 22.1 some of the most important clinical applications of these materials are presented.

22.3.1  drug deliVery

Innovations in 3D printing have led to more personalized medicine, with devices moving away 
from a one- size- fits- all model to a more custom approach. Conventional production methods would 
be costly, labor- intensive, and not exceptionally viable. By contrast, 3D printing can cut costs, 
save time, and open up a host of new applications for devices. Increasingly, the same applies to 
drug delivery. Over the last decade, 3D printing has gained significant attention in pharmaceut-
ical formulations and drug delivery systems as a fantastic method to overcome the challenges 
of conventional manufacturing approaches. 3D- printed CBNs have gained much interest among 
various nanomaterials due to their unique and excellent properties and multifunctional application 
possibilities [8]. In an investigation, the anti- cancer drug methotrexate was loaded into GO. Both 
sides of GO layers adsorb methotrexate via non- covalent interactions. After loading the metho-
trexate onto GO as a carrier, the methotrexate– GO presented high specific cytotoxicity to the tumor 
cells compared to the normal cells [13]. In another study, GO nanoparticles were conjugated with 
polyethylene glycol, then loaded with the anti- cancer drug SN38 onto the GO surface. The com-
plex showed high cytotoxicity for cancer cells, and the drug release from the GO surface was 
pH- dependent [8]. CNTs- based drug delivery systems are helpful in cancer therapy. Anti- cancer 
drugs loaded CNTs can gather drugs at the cancer sites. Both SWCNT and MWCNT are used in 
the drug delivery system. SWCNTs- based agents can kill human breast cancer cells without tox-
icity. Paclitaxel- loaded polyethylene glycol- graft- SWCNT presented an acceptable performance 

FIGURE 22.1 Schematic illustration for the biomedical applications of 3D printed carbon- based 
nanomaterials.
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for cancer therapy by extensively killing breast cancer cells. Prostate cancer is the deadliest cancer 
among men in the world. PC3 and DU145 (prostate cancer cell lines) have different body functions. 
PC3 cells have high metastatic activity compared to DU145 cells with a moderate metastatic 
manner. Cis- diamminedichloroplatinum was implanted in SWCNTs, and this complex released 
the cisplatin and killed cancer cells. In another study, SWNT- integrin alpha (v) beta (3) mono-
clonal antibody system (SWNT- PEG- mAb) was used against SH- SY5Y and U87 (brain cancer 
cell lines). The results demonstrated that SWNT- PEG- mAb could be a good candidate for cancer 
drug delivery. SWCNT showed prevention of the proliferation of human embryonic kidney 293 
cells (HEK 293 cells) in a time and dose- dependent manner. It can be concluded that conventional 
cancer treatment methods can harm healthy tissues. Therefore, CBNs, as drug delivery systems, 
must be developed to overcome many clinical challenges [11].

22.3.2  gene deliVery

Gene therapy is a modern and helpful method to treat many diseases caused by genetic disorders. 
A gene that is inserted directly into a cell usually does not function. Instead, a vector carrier is gen-
etically engineered to deliver the gene. One of the critical challenges of gene therapy is the absence 
of safe gene vectors. The use of viral vectors is highly controversial. The ability to carry a limited 
amount of genetic material and immune responses in patients are the most important reasons that 
limit their clinical applications. In recent years, the most commonly used non- viral vectors are 
lipids, inorganic particles, and polymers due to their non- toxicity and low immunogenicity effects. 
CBNs have been applied extensively due to their unique properties and high loading capacity. CNTs 
improve gene diffusion via the cell membrane without interfering with the endocytosis process of 
cells. In a study, an SWCNT linked with siRNA from Caspase3 was applied to treat cardiovascular 
diseases. Another research showed that the combination of polyethyleneimine and GO provides 
the cytomegalovirus promoter with a plasmid that controls luciferase gene expression. In many 
studies, polyethyleneimine- GO complex, chitosan-  GO composite, polyethyleneimine- GO-  poly-
ethylene glycol (PEG) complex were used to improve the efficiency of plasmid DNA transfection. 
Preparation of low- molecular- weight polyethyleneimine- rGO-  PEG gene delivery carrier increases 
the efficacy of the gene transfection since it is light- responsive. PEGylated rGO can be used to 
deliver single- stranded RNA (ssRNA) by a covalent bond of PEG to GO and converting PEG- GO to 
PEG- rGO. PEG- rGO complex can absorb a significant amount of ssRNA. Although various studies 
about CBNs as gene carriers are currently in progress by many researchers, only a small number of 
studies have been done for in vivo applications. To overcome the current limits of gene therapies and 
open the possibility of treating new diseases, researchers are trying to improve the delivery process 
so that the genes get to the suitable organs, without necessarily going through the liver, and targeting 
so that the genes get to the right cells [8], [14].

22.3.3  Biosensing

3D- printed CBNs, due to their unique and excellent mechanical, electrical and optical properties, 
have been used significantly as biosensors in the field of biosensing technology. High conductivity, 
acceptable chemical stability and sensitivity, excellent electrocatalytic activity, and high electron 
transferring activity make them a promising tool for biosensing applications. For example, G and 
CNTs can be used to sense glucose. The glucose level detection in diabetic patients is a critical 
indicator for clinical treatments. CNTs- based biosensors can sense nitric oxide and epinephrine. In 
a study, 3D printed G/ PLA composite filaments were applied for detecting picric acid and ascorbic 
acid in various concentrations. Also, they detected glucose in blood plasma, but the detection effi-
ciency was very low. Surface modification of these filaments enhanced their electrochemical prop-
erties and increased detection efficiency.
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G- based sensors are very thin with high mechanical flexibility, making them suitable for cases where 
there is a possibility of deformation. These sensors receive high- quality signals and have close con-
tact with the body. A recent approach in 3D- printed G- based sensors was the detection of SARS- 
CoV- 2 in patients and virus spike protein from nasal swabs. Many studies confirmed that SWCNT 
could detect arginase- 1, ctDNA, infectious diseases, proteins, carcinoembryonic marker and squa-
mous cancer antigen, biomolecules such as thrombin, amino acid, etc. [10]. Rocha and coworkers 
fabricated a PLA/ carbon black (CB) 3D- printed electrode to detect metal ions in biological samples. 
The electrode has been activated by immersion in 0.5MNaOH to create more conductive sites. 
The activated electrodes have been tested in urine and saliva. The results showed that the detec-
tion efficiency changed to the following values, 93% to 108% and 96% to 112% for Cd2+  and Pb2+ , 
respectively. Another fantastic study presented PLA/ rGO 3D- printed electrodes to detect catechol. 
By solvent treatments, the electrodes were activated, and the tyrosinase enzyme was immobilized 
at its surface. The activated electrode showed acceptable performance. By considering all of these 
studies, it can be concluded that 3D- printed CBNs have a promising future in the biosensing field, 
but further in vivo studies should be performed [15].

22.3.4  BioiMaging

Bioimaging is a technique that can non- invasively visualize biological processes in real- time via 
probes and detectors. The goal of bioimaging is to not interfere with life processes. It is helpful to 
provide images of the whole body, organs, tissues, and cells. Among the promising biomaterials, 3D- 
printed CBNs have specific properties that have been extensively selected for biological imaging. G 
and G- containing materials, due to their intrinsic photoluminescence, are extensively used for fluor-
escence (FL) imaging, two- photon FL imaging (TPFI), and Raman imaging. GOs as Raman tags 
show naturally strong D and G peaks and adding metal nanoparticles can improve them. For tracking 
the labeled materials in vivo with high sensitivity, radionuclide- based imaging methods such as posi-
tron emission tomography (PET) and single- photon emission computed tomography (SPECT) are 
helpful. The presence of GO in the tracker complex has great tissue/ cell imaging and is fast removed 
from the body. Magnetic resonance imaging (MRI) is another medical imaging method with high 
resolution. Manganese and gadolinium, paramagnetic toxic metals, are MRI contrast agents. GO 
with oxygen- containing functional groups can be easily coordinated with these ions and decrease 
their toxicity. Furthermore, GO- grafted gadolinium can be used to deliver chemotherapeutic drugs 
and microRNAs. Photoacoustic imaging (PAI) is another method based on the PA effect. PAI allows 
the delivery of light energy absorbed by tissues causing an expansion. This expansion then generates 
ultrasound waves detected by the transducer and produces images of optical absorption contrast 
within tissues. rGO is an ultrahigh sensitive PA contrast agent and absorbs NIR light significantly. 
Based on the studies, it can be concluded that, for using CBNs in the bioimaging field, it is neces-
sary to control their size, surface coatings, and components. Another important issue that needs 
special attention is the long- term toxicity of these materials for in vivo applications. Furthermore, 
more information about their biological properties is useful to understand their biocompatibility and 
benefits to promoting their bioimaging performances. Surface modification and functionalization of 
CBNs effectively cross blood- brain barriers, mucus, etc. It is believed that these materials will play 
notable roles in bioimaging and determine the fate of the treatments used [8], [16].

22.3.5  antiMicroBial

For in vivo biomaterials and biomedical device applications, bacterial infection at the implantation 
site is a severe concern in tissue engineering. Nanomaterials, an excellent alternative to antibiotics, 
can cross cell membranes without challenges and destroy bacterial cells. Recently, CBNs, due to 
their antibacterial property, have received significant attention. There are several mechanisms of 
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antibacterial property of these materials, but each type of CBN improves one or more of these 
mechanisms. For example, CNTs stick to bacterial membranes, damage the membrane, and release 
DNA content. The antibacterial effect of SWCNTs is stronger compared to MWCNTs. Due to their 
smaller diameter and greater surface area, SWCNTs can easily penetrate the cell wall. G, GO, 
and rGO act based on membrane stress. Cell deposition on these materials and contact with sharp 
nanosheets cause membrane stress, as well as GO, can destroy cell membrane by reactive oxygen 
species (ROS) groups. Many researchers have confirmed that the type of bacteria, size, and shape 
are effective parameters for antimicrobial activity. Gram- positive bacteria are more resistant to 
nanoparticles’ bactericidal effect than gram- negative since they can easily change their structure. 
The concentration of CBNs is another factor that influences antibacterial activity. Based on the 
studies, the threshold concentrations of GO and rGO are 80 µg/ mL and 100 µg/ mL, respectively. 
CBNs, due to their antibacterial property, have been used extensively in biomedical applications 
such as wound dressing and bandages, surface coatings, medical implants, innovative packaging, 
and hydrogels. Several challenges about these materials must be resolved before using them. To con-
clude, expanding alternative antibiotics or advanced antibacterial strategies is immediately required 
to eradicate the infection created by antibiotic- resistance bacteria. Antibacterial strategies based on 
3D- printed CBNs are not mature for in vivo applications, and most are passing clinical trial phases. 
The number of publications about these materials must be accelerated in the future to combat bac-
terial infections [1], [17].

22.3.6  tissue engineering

In recent years, 3D printing has received remarkable attention in tissue engineering as a promising 
tool for better tissue regeneration, replacement, and repair performance. Figure 22.2 shows some 
of these applications. Osteoconductivity, antimicrobial activity, high surface area, electronic and 
thermal conductivity, mechanical strength, and biocompatibility are the most important features 
of tissue engineering. Among a wide range of materials, CBNs have most of these properties and 
are attractive for many biomedical applications. For example, CBN’s electrical and optical proper-
ties are amazing for biosensors and medical imaging. In addition, their high aspect ratio is useful 
for drug/ gene/ therapeutic agent delivery. In tissue engineering, incorporating these materials into 
a polymer matrix shows an excellent structure with acceptable physicochemical properties, high 
mechanical strength, biocompatibility, and high gene expression ability for tissue regeneration. For 
tissue regeneration, these materials are so attractive; for example, CNTs support neuron attachment 
and encourage cell differentiation.

Polymeric scaffolds do not have electrical conductivity and suitable tensile strength. Therefore,  
CNTs overcome these challenges and are extremely useful in neuronal tissue engineering. CNTs  
promote intercalated disc formation in cardiac tissue engineering. Biological results confirmed that  
CNT- containing scaffolds increased the gene expression of cardiac markers and promoted excitation 
conduction velocities. Bone is a specialized form of connective tissue and can remodel and  
repair itself in slight fractures, but in pathological fractures, bone loss, and bone tumors, it cannot  
heal itself. There are many therapeutic methods for bone regeneration, and each method has its  
limitations. Bone tissue shows piezoelectric properties that promote bone regeneration via electrical 
stimulation. CNTs as a tool for bone regeneration present high alkaline phosphatase (ALP)  
activity, high protein absorption, high cell proliferation, high osteoconduction, and high compres-
sive strength. Although these materials are widely used in bone, cardiac, cartilage, and nerve  
tissue engineering, many serious challenges still exist, and further studies are needed to overcome  
them. Developing cytocompatible and green CBNs for tissue engineering is a serious problem. The  
researchers demonstrated that with the increasing concentration of CBNs in composites, physio-
chemical and mechanical properties are promoted, and toxicity effects increase accordingly. It is  
better to function these materials with amazing functional groups such as – COOH, – OH, C= O, and  
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esters to minimize the toxicity. Oxidative stresses are the main factors for the toxic effects of these  
materials, which can be attributed to their shape, dimensions, synthesis method, and dosage and  
surface parameters [8], [9].

22.3.6.1  Cardiac Tissue Engineering
Myocardial infarction (MI) is one of the most common diseases worldwide that causes cell death 
and heart function loss. Damaged cardiomyocytes have a poor ability to repair themselves. Cell 
therapy, heart transplantation, and tissue engineering have been introduced as excellent methods for 
the treatment of MI. Among these methods, tissue engineering has attracted much attention by using 
a wide range of materials. Many synthetic and natural materials have been introduced for cardiac 
tissue regeneration in recent years. 3D- printed CBNs are interesting for repairing heart tissue due 
to their thermal and electrical conductivity, high mechanical strength, and high surface area prop-
erties. For example, GO- containing composite scaffolds enhance cell signaling, cell adhesion and 
propagation, cardiac gene expression, and conductivity. It has been confirmed that GO and its family 
can stimulate cell differentiation to cardiomyocytes and improve cardiogenic phenotype without 
external electrical stimulation (12). In a study, rGO was incorporated into gelatin methacrylyol 
(GelMA) to increase electrical conductivity and mechanical strength for heart tissue regener-
ation. The results showed that rGO remarkably enhanced electrical conductivity and mechanical 
strength, proliferation rate, and contractility. Moreover, the viability of cardiomyocytes cultured in 
the electroactive hydrogel significantly increased. rGO has angiogenic properties at lower doses, 
which is necessary for cardiovascular applications, and is anti- angiogenic at higher doses (≥100 
ng mL −1). Many published studies showed that rGO and GO at high concentrations induced cell 
death via the formation of ROS groups. ROS can activate many signaling cascades such as the 

FIGURE 22.2 3D printed carbon- based nanomaterials as a promising tool for tissue regeneration.
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epidermal growth factor receptor, nuclear factor- KB, transcription factor activator protein- 1 (AP- 1), 
and participate in cell growth, differentiation, and proliferation. CNTs are anisotropic materials that 
improve the alignment of cardiomyocytes. CNTs encourage cardiomyocytes to act in a way that 
promotes cardiac tissue regeneration. CNTs have excellent interaction with cells and promote the 
expression of α- actinin and myosin heavy chain proteins. Mechanical properties of CNTs impress 
the cardiomyocytes phenotype and induce the ventricular- like phenotype, while GO and rGO induce 
atrial- like phenotype and mixed phenotype, respectively. In a study, GO was added to oligo (poly 
(ethylene glycol) fumarate) (OPF) hydrogels to increase the mechanical strength and electrical con-
ductivity of remaining healthy cells in a damaged heart. The composite hydrogel enhanced cardiac 
fibroblast attachment and increased the expression of cardiac genes. Therefore, the addition of GO 
into composites improves cell viability, and differentiation and induces angiogenesis for in vivo 
applications. It can be concluded that there are a variety of novel materials and amazing technolo-
gies which can be used for heart tissue engineering. CBNs possess many unique properties, making 
them fantastic for heart tissue regeneration. As mentioned, one or more severe challenges need to be 
overcome for clinical applications. The biocompatibility of these materials and their validation in 
various in vitro and animal models need to be studied. Generally, more experiments and studies are 
required to confirm the safety of CBNs for in vivo applications [18], [19].

22.3.6.2  Skeletal Muscle Tissue Engineering
Skeletal muscle tissues provide movement, heat production, stability, expansion, contraction of 
orifices, and glycemic control. A significant percentage of muscle injuries occur during athletic 
activities. Current clinical treatments of using autologous muscle flaps or allografts have many 
challenges. Therefore, stem cells and nanomaterials- based therapies are an amazing approach to 
promoting skeletal muscle tissue regeneration. According to this, CBNs are extensively used due to 
their high electric conductance, high surface area, and excellent physical and mechanical properties. 
GO- based scaffolds promote attachment, proliferation, differentiation, and migration of skeletal 
muscle precursor cells. These structures can mimic the behaviors of natural muscles more than other 
carbon nanomaterials. Combining GO with natural polymers such as collagen, chitosan, and gel-
atin induces cell differentiation. rGO nanoparticles present better electrical conductivity than other 
materials if other carbon family members connect to their surface. A study related to GO and rGO 
showed that GO has more activity in inducing myogenic protein/ gene expression and multinucleate 
myotube formation since GO can easily absorb serum proteins via its oxygen- containing functional 
groups. Subsequently, rGO improves proliferation and myogenic differentiation and is firmly elec-
tronically stimulable. The electrically conductive biological medium can increase muscle cells’ 
electrical interactions and immediately increase myogenic differentiation. Electrical stimulation 
(ES) has remarkable effects on cell alignment and helps irregular cells to have a neat arrangement. It 
must be noted that the orientation of the cells is proportional to the direction of the applied force. ES 
plays an important role in cell migration. The path of cell migration due to ES depends on the cell 
type. The intensity of ES is tolerable for most cells and does not affect cell phenotype, cell viability, 
and cell differentiation. Although the use of ES in tissue engineering has significantly increased in 
recent years, many types of research are needed for clinical applications. In vivo degradation rate of 
G/ GO/ rGO- containing structures depends on the synthesis process, surface functionalization/ modi-
fication, and dimensions. It is confirmed that H

2
O

2
 can degrade G- based materials, and the degrad-

ation rate can be sped up by modification with O
2
 plasma.

Due to their appropriate surface roughness and wettability, CNT- containing scaffolds also presented 
similar improvements in myoblast adhesion, proliferation, and differentiation. While these structures 
promote muscle cell functions, their safety needs further investigation. As a result, based on many 
studies, CNTs (SWCNTs and MWCNTs) show a different levels of toxicity. Surface modification of 
CNTs increases biocompatibility. These materials can be functionalized with many biomolecules via 
covalent and noncovalent bindings. Functionalized CNTs are outstanding candidates for producing 
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high- quality nanocomposites. Due to their essential role in tissue engineering and medical science, 
further in vitro and in vivo studies should be performed to evaluate these materials’ safety [18], [20].

22.3.6.3  Nerve Tissue Engineering
Neuronal tissue regeneration has been a controversial clinical challenge due to the complex structures 
of the nervous system. Furthermore, the central nervous system has a poor ability to repair itself. 
Transplantation of stem cells and neural cells is an important therapeutic strategy for repairing 
damaged tissue and restoring its functions. Direct cell transplantation has many limitations and 
disadvantages. 3D- printed CBNs have emerged as excellent materials for repairing damaged ner-
vous tissues. In vitro use of these materials in neural substrates and scaffolds composition has many 
benefits such as high neural cell viability, cell adhesion, proliferation, differentiation, and migration. 
CNTs, due to their mechanical, electrical, and physical properties, are extensively used in neural 
tissue regeneration and can revitalize damaged tissue functional activities. CNTs are so stable in 
biological environments for long- term applications and are flexible. The interaction between neural 
cells and CNTs promotes neural cell signaling. G, GO, and rGO are also attractive materials for 
neural tissue engineering. GO/ rGO– containing culture media promote glial differentiation of adi-
pose stem cells and regulate the expression of neurotrophin and filament proteins. The presence of 
nerve regenerative growth factors in GO/ rGO containing composite scaffolds protect neural stem 
cells from H

2
O

2
- induced oxidative damage and promotes cell signaling in vitro. Combining CNTs 

with hydrogels is an excellent strategy for neural tissue regeneration. In a study, G- gelatin composite 
scaffolds containing mesenchymal stem cells demonstrated Schwann cell marker. With electrical 
stimulation to the scaffolds, the secretion of nerve growth factor increased accordingly. In another 
study, SWCNT was added to the hydrogel scaffold, and neurite outgrowth significantly increased 
since SWCNT, and electrical stimulation has synergistic effects in boosting cell growth. The best 
strategy to increase CNTs solubility in a biological medium is to incorporate hydrophilic polymers. 
This complex improves neuron growth due to an excellent electrostatic interaction between these 
materials and the negatively charged cell membranes. There are two methods for controlling neural 
cell functions via biofunctionalized CNTs. In the first method, CNTs are added to the neuronal cell 
culture medium, and carbon structures directly interact with nerve culture. In the second method, 
CNTs are modifiers of other biomaterials to promote their neurofunctionality. It is possible to form 
more membrane/ material tight junctions and indirect interactions between these materials and 
neurites. CNTs, containing scaffolds, act as a reservoir of adsorbed proteins and have a dynamic 
role in promoting neuronal electrical actions. It can be concluded that CBNs, as a promising tool 
for nerve tissue engineering, have several serious challenges. The toxicity effects in direct contact 
with neural cells limit their use in neuronal applications. In this regard, more research is required 
about the relationship between toxicity and surface area, size, dimension, functional groups, and 
release of CBNs. 3D- printing technology is attractive for producing CBNs with a unique design, 
high cytocompatibility, and proper functionality, thus promoting their application for nervous regen-
eration [18], [21].

22.3.6.4  Cartilage Tissue Engineering
Articular cartilage cannot repair itself, so repairing and regeneration are severe issues in the biomed-
ical field. Tissue engineering is an excellent new treatment for cartilage tissue regeneration. By using 
CBNs in cartilage tissue scaffolds and other structures, these materials’ conductivity and mechanical 
properties can be significantly improved. Many studies used GO/ G/ rGO and their biocomposites for 
the chondrogenic differentiation of stem cells. G and its family members in scaffold composition 
promote chondrogenic differentiation and proliferation rates since these materials have excellent 
electrostatic interactions with transforming growth factor- β and stimulating new tissue formation. 
The combination of GO with other nanomaterials significantly enhances mechanical strength; GO- 
chitosan (CS) composite scaffold is an example of this combination in which the mechanical strength 
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of the scaffold, due to the presence of GO nanoparticles, increases. Furthermore, CS/ Polyvinyl 
alcohol (PVA)/ GO composite showed promising results for cartilage tissue engineering. Hyaluronic 
acid (HA)- GO composite can promote cartilage tissue repair. HA can improve polysaccharide- based 
scaffolds’ mechanical, physical, thermal, and surface properties. HA- GO composites are used as a 
lubricant and have a regulatory role in the joint cavity microenvironment during cartilage regener-
ation. In a study, polycaprolactone (PCL) / gelatin/  MWCNTs were used for cartilage tissue repair. 
MWCNTs increased the hydrophilicity, bioactivity, and mechanical strength of the composite. The 
degradation rate of the PCL- gelatin / MWCNTs was decreased since the strong bonds between 
NH

3
+  (gelatin) and COO-  (MWCNTs) were formed, and the chemical stability of the composite 

was increased. The simulated body fluid (SBF) converted COOH groups to COO–  and promoted 
calcium and phosphorous deposition and increased bioactivity of the structure. In another study, GO 
was added to alginate hydrogel cross- linked with CaCl

2,
 and the composite was used as a fantastic 

platform for cartilage tissue regeneration. The addition of GO into the hydrogel structure increased 
compressive elastic modulus, and cell viability was also increased. This composite hydrogel acts as 
an artificial ECM for cell growth and differentiation. One of the most attractive benefits of CBNs is 
that due to the large surface area of these materials, only a tiny amount of growth factor is required 
compared to the large amounts of it needed during external application. The addition of CBNs with 
favorable properties into other natural or synthetic materials makes them appropriate tools for car-
tilage tissue engineering. While many in vitro studies have confirmed the positive effects of CBNs- 
containing scaffolds for cartilage repairing, several in vivo studies are needed to be done before 
clinical applications of them. Furthermore, the physiological, pathophysiological, and histological 
differences should be paid attention to when the animal data and results are attributed to the human 
clinical setting. To find effective methods for tissue regeneration while overcoming all limitations, 
a new outlook must be created for tissue engineering to be a promising tool for many needy people 
around the world [18], [22].

22.3.6.5  Bone Tissue Engineering
Bone loss or devitalization occurs due to many reasons such as traffic accidents, delayed union, 
rarefaction of bone, corrective osteotomies, and bone tumor resection the most important. Bone 
tissue engineering has been introduced as a practical approach to regenerating bone defects. In 
the past decade, 3D printing has advanced the rapid fabricating of synthetic substitutes for bone 
tissue regeneration. This technology unifies engineering and biological sciences to produce bone 
repair materials, often combined with living cells and growth factors to overcome the limitations of 
traditional methods. Many studies have demonstrated the use of conventional biomaterials such as 
metals, polymers, ceramics, and their composites for 3D bioprinting, but their microporous struc-
ture has limited their applications [23]. CBNs, due to high surface area, excellent mechanical and 
antibacterial properties, fatigue resistance, non- cytotoxic effect, good interaction with biological 
molecules, and nanoscale size for imitating the native bone structure, are a great alternative to con-
ventional materials. In a rat calvarial defect model, Cui et al. used the 3D printed polyion complex 
(PIC)/ MWCNT biohybrid hydrogels. The scaffolds presented high mineralized bone volume, excel-
lent biocompatibility with rat bone marrow stem cells, and sufficient porosity for cell growth [24]. 
Researchers confirmed that 3D printed GO- containing scaffolds significantly improved new bone 
formation since they can stimulate the osteogenic differentiation of cells by adjusting bone- related 
gene expression [24], [25]. In another study, PCL- G scaffolds were printed and associated with 
microcurrent therapy to treat bone defects in rats.

After 120 days of implantation of composite scaffolds, the osteoprotegerin levels increased and
RANKL levels decreased. This promoted tissue formation and modulated the bone remodeling 

phase. An important issue of 3D printed CBNs in bone tissue engineering is their antibacterial 
activity. Results on antibacterial properties are so challenging. It is believed that the antimicrobial 
activity of CBNs depends on many factors related to both the bacterial and nanomaterials. Many 
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studies are required to clearly understand these materials’ antibacterial activity and their correlation 
with the human innate immune system [25].

22.3.6.6  Skin Tissue Engineering
As the body’s largest organ, skin protects against germs, regulates body temperature, and enables 
touch sensations. Skin tissue engineering is so important and necessary for advanced wound healing. 
It was initially proposed to solve problems such as inflammation and tissue infection. In this way, 
3D printing is an excellent method that has attracted positive opinions in the medical and healthcare 
fields. The advent of this technology provides impressive new facilities to reconstruct the injured 
skin. In terms of materials, materials with a high surface area similar to the extracellular matrix 
(ECM) of tissues, micro- inflammation characteristics, and non- toxic catabolites are effective for 
skin regeneration. Accordingly, 3D printed CBNs are extensively used in this field. Soliman et al. 
showed that GO encouraged endothelial cell migration and caused a remarkable improvement in 
a full- thickness skin wound healing model in rats. It can also be related to GO’s ability to clean 
ROS in the wound area. The other ROS can damage cell membrane and DNA, which causes tissue 
regeneration to stop. GO can eliminate ROS and regularize inflammation to speed up wound regen-
eration [26]. 3D printed GO has also been used as filler in wound healing hydrogels. For example, 
rGO- GelMA hydrogels promote endothelial, keratinocyte, and fibroblast migration and angiogen-
esis. The researchers speculate that rGO increases intracellular ROS levels. A profound and funda-
mental problem for wound healing hydrogel is their bacterial infection. Adding Ag nanoparticles to 
hydrogel can inhibit bacterial growth and increase the healing rate [27]. In another study, PCL/ GO/ 
silver (Ag)/ arginine (Arg) accelerated the wound healing process due to its angiogenic and anti-
microbial properties. Based on the studies, GO has pro- angiogenic features at low doses (1– 50 ng/ 
mL) while it presents anti- angiogenic properties at high doses (≥100 ng/ mL). The physical- chemical 
properties of GOs, such as size, aggregation states, surface charge, functionalization, and purity, can 
also regularize their toxicity [27].

22.3.7  dentistry

In recent years, polyether ether ketone (PEEK) has been widely used in oral and craniomaxillofacial 
surgery. In addition, PEEK can be applied in skull implants, dental implants, and osteosynthesis 
plates. Many studies showed that incorporating carbon fibers can enhance the mechanical strength 
of PEEK. Typically, carbon fiber reinforced PEEK (CFR- PEEK) has an elastic modulus close to 
human cortical bone and can be considered a promising tool to replace metallic materials. Fused 
deposition modeling (FDM), the fastest- growing 3D- printing method, has significantly been used 
to produce the CFR- PEEK [28]. Recently, G- printed scaffolds have been used in dentistry. Ma and 
colleagues showed that 3D- printed GO- PVA β- tricalcium phosphate (TCP) scaffolds accelerate the 
new bone formation and have anti- cancer properties [28]. Glass ionomer (GI) is widely used in 
restorative dentistry. 3D- printed G, when combined with GI, significantly promotes the mechan-
ical, biological, and antibacterial properties of GIs. This combined material also decreases micro- 
cracks in the internal structure and protects it from erosion and disintegration by microbial invasion 
[29]. In endodontics, bioactive cement is used to manage perforation, pulp capping, and retrograde 
root filling. 3D- printed G improves the mechanical property of the bio- cement and significantly 
reduces the setting time. 3D- printed G seems to be engaging in dental implants as a platform to 
enhance implants’ osseointegration and new bone formation. It possesses an osteogenic property 
that increases the expression of osteogenic related genes such as RUNX2, COL- I, and ALP, and, 
consequently, improves the deposition of the mineralized matrix. Teeth can become discolored on 
their outer surfaces when people use colored foods and drinks. As a result, many people prefer non- 
invasive whitening treatments that bleach the teeth. Many studies confirmed that using rGO and 
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H
2
O

2
 under photoactivation significantly increased the whitening effect of H

2
O

2
 and decreased the 

treatment time [29].

22.3.8  diagnosis

Early detection is vital for effective therapy. Recently, 3D- printed CNTs, due to their excellent 
thermal and electronic conductivity, suitable optical property, and high drug loading capacity, have 
been extensively applied for cancer therapy and diagnosis. CNTs can serve as drug carriers to 
deliver great anti- cancer drugs and function as excellent mediators in phototherapy because of their 
intrinsic optical properties. On the other hand, they can be used as an effective tool for detecting 
the expression of cancer genes [30]. In recent years, CNTs have been utilized to diagnose ovarian 
cancer. To improve cancer detection and diagnosis by 3D- printed CNTs, the researchers attached 
an antibody specific to a biomarker (a protein that appears in the blood of ovarian cancer) allowing 
it to recognize and bind to the marker. Once the nanotubes are bound to the protein, the light they 
give off changes color, picked up on by sensors outside the body [31]. Many studies confirmed that 
3D- printed CNTs, G, and GO, could also be used to fight against the COVID- 19 pandemic. The 
interactions between these materials and the SARS- CoV- 2 virus were studied, and hydrophobic 
and strong electrostatic interactions were detected. Hence, it can be concluded that CBNs are such 
helpful tools in preparing diagnostic kits and personal protective equipment. Although numerous in 
vitro studies have been done, clinical and in vivo are still scarce [32].

22.4  FUTURE DIRECTIONS AND CHALLENGES

Innovations and new technologies are changing the world and the daily lives of every one of us. 
Many things that were mere visions of the future yesterday are now a reality. 3D- printing technology, 
which has attracted much attention in many fields, presents a great outlook for the future. It is opti-
mistic that it can solve many problems we have experienced lately. The coronavirus pandemic is a 
clear example to illustrate this point. During pandemic crises, meeting the demand for face masks 
has become one of the main issues for people fighting the pandemic. As an effective solution to this 
problem, 3D- printing technology is applied to produce masks. Subsequently, protective face masks 
are made in a shorter time. In addition, this technology is widely used in the biomedical field. Based 
on the studies, CBNs are shown to be a helpful tool with unique advantages such as excellent optical 
property, high drug loading capacity, thermal and electronic conductivity, and easy functionalization 
ability, among others. 3D- printed CBNs have wonderful potential for various medical applications, 
from tissue engineering to cancer therapy and diagnostic applications, but the challenges we face are 
severe and must prevail. One of the most critical challenges is a deep understanding of CBNs- cell 
(or tissue/ organ) interactions. This knowledge will help expand the application of these materials 
in clinical fields. Another primary concern is the toxicity of CBNs at in vitro and in vivo levels. 
Although the cytotoxicity effects of these materials are still extremely debatable, however, global 
interest and attention are growing. We believe that the increasing expansion of these materials soon 
will bring incredible innovations to the biomedical field and can maintain human health.
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23.1  INTRODUCTION

The term graphene appeared for the first time in 1986 when Boehm et al. [1] described graphene as 
a single two- dimensional carbon sheet. It is the basic structure of all graphitic materials and atoms 
are arranged in a honeycomb lattice structure. The word graphene derives from graphite with the 
suffix ‘- ene’, which is used for fused polycyclic aromatic hydrocarbons. In 2004, graphene was 
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isolated for the first time by Professor Andre Geim and Professor Konstantin Novoselov [2]. From 
that point, the extraordinary properties of this nanomaterial have been explored in depth for a wide 
variety of applications. It presents a very high surface area –  2,630– 2,640 m2/ g, excellent thermal 
conductivity –  3,000– 5,000 W/ m·K, good mechanical properties –  around 42 N/ m of break strength, 
130.5 GPa of intrinsic tensile strength with Young’s modulus of around 1 TPa, and high electrical 
conductivity –  104– 5.9 × 105 S/ m approximately [3], [4].

Despite its superior properties, the use of graphene is limited by the difficulty and high cost to 
obtain a single defect- free carbon sheet. Therefore, graphene derivatives are a good alternative to 
graphene. Graphene oxide (GO) is produced through the oxidation of graphite in an acidic medium 
and it is produced more easily than graphene. Besides, if most oxygen- containing functional groups 
are eliminated, reduced graphene oxide (rGO) is obtained. By the reduction of GO, electrical con-
ductivity is partially recovered. Both, GO and rGO, have oxygenated functional groups, which 
potentiate covalent bonding and strengthen the interface with the polymers or provide reactivity 
with biomolecules. Graphene nanoplatelets (GNP) consist of small stacks of graphene nanosheets, 
its production much more cost- effective than graphene. They exhibit interesting properties such as 
good electrical and thermal conductivity, low density, high aspect ratio, planar morphology, and 
mechanical toughness, at low cost. The characteristics of graphene derivatives are still excellent, but 
lower than graphene. The properties of graphene and its derivatives are shown in Table 23.1 [5], [6].
The structure of the most common graphene- based nanomaterials (GBN) is shown in Figure 23.1.

In addition to these excellent properties, graphene and its derivatives present many specific 
properties useful in the field of Biomedical Engineering. They stimulate cell attachment, prolif-
eration, and differentiation, decrease the immune response, and present antimicrobial activity and 
osteoconductivity [9], [10]. However, there are some issues regarding the cytotoxicity of graphene- 
based nanomaterials that are not fully understood. Thanks to the increasing interest in GBN in 
biomedical engineering applications, the number of studies regarding its biocompatibility and cyto-
toxicity has increased in the last years. However, there is no scientific consensus about the cytotox-
icity and biocompatibility of these nanomaterials yet.

Major advances have been made in recent years not only in terms of materials but also in manu-
facturing technologies. Additive Manufacturing (AM) is a technology that is based on the manufac-
turing of parts layer by layer. By contrast, conventional manufacturing technologies are subtractive.  
In AM, objects are defined by a computer- aided- design (CAD) software and they are ‘sliced’ into  
thin layers of some microns to create STL files. ISO/ ASTM 52900:2021 [11] classifies AM tech-
nologies into seven primary processes: (i) Vat Polymerization, (ii) Material Jetting, (iii) Binder  
Jetting, (iv) Material Extrusion, (v) Powder Bed Fusion, (vi) Sheet Lamination, and (vii) Directed  
Energy Deposition. In recent decades, the application of AM has experienced an important raise in  
many research fields. One of these fields is Biomedical Engineering, where AM opens up the possi-
bility of producing tailor- made designs, which can be customized for each patient and specific case.  
Besides, AM presents other advantages compared to conventional manufacturing technologies,  
like rapid prototyping and manufacturing of complex structures. These structures manufactured by  
AM have controllable and reproducible geometries, which used to be a drawback of conventional  
technologies.

TABLE 23.1
Properties of Graphene and Its Derivatives

Graphene GNP GO rGO

Thermal conductivity [W·m- 1·K- 1] 3,000– 5,000 ≈ 5,000 ≈ 3,000 30– 250
Young’s Modulus [GPa] ≈ 1,000 ≈ 1,000 200– 220 ≈ 250
Electrical conductivity [S·m- 1] 104– 5.9·105 ≈ 105 Insulator 200– 35,000
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To obtain three- dimensional (3D) printed structures that present the good properties of graphene  
and its derivatives, it is necessary to use a material that supports the nanomaterials. The most  
common matrix is polymer, which can be in different states: solid thermoplastics, photocurable  
resins, inks, etc. Depending on the AM technology, the state of the polymer and the GBN addition  
method change. However, some studies used ceramics as the matrix, which are usually in form of  
powder. Finally, some researchers used polymer as the matrix, and GBN together with ceramics as  
fillers. For researchers, it is challenging to develop nanocomposites with GBN with excellent print-
ability, good biological performance, and adequate mechanical properties. Therefore, the method to  
prepare the raw material to feed the printer, as well as the printing parameters, need to be optimized  
for each printing technology, GBN type, and specific application.

23.2  APPLICATIONS OF 3D GRAPHENE- CONTAINING STRUCTURES FOR 
BIOMEDICAL ENGINEERING

23.2.1  drug and/ or gene deliVery

Drugs and active molecules are introduced into the body via different administration routes, i.e., 
buccal/ sublingual, nasal, ocular, oral, pulmonary, anal/ vaginal, transdermal, and parenteral drug 
delivery. However, recently, different drug delivery systems based on organic and inorganic micro-  
and nanoparticulated systems have been developed, resulting in an increase in effectiveness and 
reduction of side effects compared to conventional administration routes [12].

Graphene presents characteristics that are interesting to be explored. It is a perfect platform for  
binding protein molecules, besides, it protects proteins from proteolysis, which is a hydrolysis reac-
tion that results in the breakdown of proteins [13]. GBN was explored as a drug delivery system for  
the first time by Liu et al. [14], who attached a water- insoluble, aromatic drug to PEGylated GO  
sheets. GBN structure, i.e., sp2- carbons with two- dimensional structure, facilitates the binding of  
different substances, like biological molecules, drugs, or fluorescent probes (an example is showed  

FIGURE 23.1 (a) Graphene is a single layer of carbon atoms arranged in a honeycomb lattice structure. 
(b) GO has a similar structure, but it presents oxidized groups (carboxyl, hydroxyl, and epoxy). (c) rGO shows 
much less oxidized groups than GO. (d) GNP has more than one carbon layer, without oxidized groups. (a– c) 
adapted with permission [7], Copyright (2021), Elsevier. (d) adapted with permission [8], Copyright (2021), 
Elsevier.
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in Figure 23.2). Besides, they present high drug- loading capacity with a controlled release thanks to  
their large specific surface area and strong ion exchange capacity [15]. The advantage of GBN when  
compared to other nanomaterial- based systems is their high surface area, which allows for drug  
loading on both sides of the planar structure [16].

Amongst graphene and its derivatives, graphene presents some restrictions that limit its inter-
action with other molecules because it has an unstable chemical structure and insufficient active 
sites. However, GO shows a higher ability to absorb biomolecules thanks to carboxyl, epoxy, and 
hydroxyl groups [17]. In terms of fabrication, the use of AM has paved the way for the development 
personalized approach to medicine. For example, by combining 3D scanning with 3D printing, 
personalized salicylic acid- loaded patches for acne treatment that adapt perfectly to the nose anatomy 
of the patient were created [18]. The combination of 3D printing with graphene and its derivatives 
allows us to obtain outstanding results. For example, in cartilage protection, the use of AM gives 
the opportunity of mimicking the natural tissue and the presence of graphene in a collagen- chitosan 
matrix leads to control of the release of biological factors [15]. In the case of coronary interventions, 
polycaprolactone (PCL) stents loaded with GNP obtained by fused- deposition modeling (FDM) 
printer allows having personalized stenting with the controllable release of anticoagulation and anti- 
restenosis agents and improved mechanical properties due to the use of GNP [19].

23.2.2  Biosensing and BioiMaging

GBN are attractive to be used in the development of electrochemical sensors and biosensors due to 
their excellent electrical conductivity, large surface area, and high electron transfer potential. The use 
of graphene derivatives to create electrically conductive nanocomposites allows obtaining electrodes 
and circuits by AM, which can enable the electrochemical detection of organic compounds and 
biologically active molecules. Biosensors typically are based on oxidoreductase enzymes coupled 
with conductive electrodes that transduce the biochemical interactions into a readable electronic 
signal. Currently, the production of biosensors is a complex and expensive process that generally 
implies the necessity of designed facilities, trained personnel and specialized materials [20]. AM 
has been used to produce metallic electrodes for sensing by selective laser sintering (SLS), but it 

FIGURE 23.2 GO functionalized with amine PEG is loaded with doxotubicin (DOX) and the drug is released 
at a certain pH. Adapted with permission [13]. Copyright S, Syama; P.V. Mohanan, some rights reserved; 
exclusive licensee Springer. Distributed under a Creative Commons Attribution License 4.0 (CC BY).
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has a high production cost. Conversely, 3D graphene- polymer electrodes are cheaper to produce 
by FDM, present higher stability, and have a wide range of working potentials for electrochemical 
applications [21].

Researchers have developed graphene- based field effect transistor biosensors that allow to detec-
tion of biomolecules like nucleic acids, proteins, and growth factors, monitoring the changes in  
an electrical signal [13]. Since the development of novel plastic matrices, such as polylactic acid  
(PLA) or acrylonitrile butadiene styrene (ABS), with conductive carbon materials (e.g., PLA-  
graphene, ABS- graphene) AM, especially FDM and inkjet printing, has been explored as a cheap  
manufacturing technology to obtain printed biosensors with graphene- loaded polymers. Amongst  
the biosensors, it is possible to find in literature biosensors to analyze blood plasma and detect nitrite  
and uric acid [22], picric acid, ascorbic acid, glucose, hydrogen peroxide, etc. [5]. Figure 23.3 shows  
an example of PLA- graphene biosensors manufactured using FDM.

FIGURE 23.3 Biosensors were manufactured by FDM with PLA loaded with graphene. After printing, they 
were electrochemically activated in DMF and modified following two different paths: (1) modification of 
electrodes with HRP enzyme and (2) modification with gold nanoparticles followed by HRP enzyme. These 
components were attached to the surface of the electrode. The modified electrode allows for the detection of 
H

2
O

2
. Adapted with permission [21], Copyright (2019), Elsevier.
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For fluorescence imaging, dyes, photosensitizers, quantum dots, gold nanoclusters, or up- 
converting nanoparticles functionalized GO/ rGO have been widely investigated [23]. GO has strong 
absorbance and fluorescence properties in the near- infrared region, which allows it to be used in 
bioimaging applications. By changing the synthesis conditions such as the pH, rate of reduction, 
and size, fluorescence can be induced in GO. Functional groups of GO can be conjugated with 
fluorescent dyes for bioimaging [13]. There is another graphene derivative that does not need to be 
functionalized to be used in bioimaging applications. Graphene quantum dots (GQD) are nano- sized 
quantum dots with excellent optical properties for bioimaging and phototherapies. GQD are formed 
by cutting G or GO and they show fluorescent properties and are blue- luminescent. Compared with 
other quantum dots, GQDs possess high stability, excellent biocompatibility, good solubility, and 
low cytotoxicity. They were synthesized via hydrothermal route for the first time in 2010 by Pan et al. 
[24]. Gomes [25] explored cells embedded in a 3D- printed scaffold with GQD. They demonstrated 
that the quantum dots can enable deep tissue imaging under biomimetic conditions.

23.2.3  tissue engineering and regeneratiVe Medicine

Successful tissue engineering depends on the biocompatible substrates that offer cells to attach, 
grow and proliferate. Scaffolds are highly porous structures that act as an extracellular matrix to 
allow cells to proliferate and differentiate to repair hard or soft tissue. Amongst others, porosity 
and pore size are the main factors that define the performance of a scaffold. Scaffolds have been 
conventionally manufactured using techniques like solvent casting, freeze- drying, and salt leaching. 
However, these technologies allow to obtain of porous structures, but their geometry, porosity, and 
pore size are not controlled. This control can be achieved by AM technologies. AM allows for an 
imitation of natural tissue or organs and controls the special arrangement among cells, which is cru-
cial for regenerative medicine. PLA- graphene scaffolds obtained by FDM were explored [26] and it 
was found that adequate topography may promote the alignment and orientation of neuronal, fibro-
blast, and myoblast cells, whilst graphene may stimulate cell differentiation.

Amongst AM technologies, bioprinting can use not only biomaterials but also living cells and/ 
or other biological components, like proteins or growth factors. It enables the creation of biological 
structures that can regenerate or augment lost or damaged tissues and organs. Bioprinting can 
be performed by two different approaches: (i) pre- seeding or direct if cells are added before the 
printing, and (ii) post- seeding or indirect if printed structures are co- cultured with the proper cells 
[5]. For instance, post- seeded 3D- printed scaffolds with GO have shown high chondrocyte prolif-
eration and activation of cell apoptosis when it was used for cartilage proliferation. The addition of 
GO resulted in thicker cartilage formation compared to the created by scaffolds without GO [27]. 
Graphene- loaded inks have also been studied to be used as scaffolds with improved human mes-
enchymal stem cell (hMSC) adhesion, viability, proliferation, and neurogenic differentiation with 
significant upregulation of glial and neuronal genes [28]. Some ceramics, like bioactive glass and 
diopside, showed the good mechanical and biological performance to be used as scaffolds when they 
are reinforced with GBN. 3D- printed scaffolds of ceramics reinforced with GBN are obtained by 
SLS [29], [30]. Figure 23.4 shows a bioactive glass scaffold for bone regeneration reinforced with 
GO obtained by SLS.

Pre- seeded structures were also developed to be produced by extrusion, inkjet, vat polymeriza-
tion, and laser- assisted technologies [31]. Zhu et al. [32] combined pre- seeded bioprinting by stereo-
lithography (SLA) with the addition of GNP to target nerve tissue regeneration.

23.3  DESIGN AND FABRICATION

AM offers high design freedom because the only information that needs to create a structure is its 3D  
digital model. In one manufacturing step, complex geometries can be easily and directly transformed  
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into end- usable parts. To create these 3D digital models, it is possible to use reverse engineering  
with some medical tools, like computer tomography or magnetic resonance imaging. This aspect is  
very attractive in the medical field since it allows to obtain of 3D models of customized parts that  
match the patient’s anatomy without extra cost [33]. Due to the potential risk to the human health  
of GBN through different mechanisms, like the binding of key signaling molecules, it is imperative  
to establish a proactive approach for the safe design of this kind of material [16]. In this regard,  
Safe- by- Design (SbD) concepts are focused on identifying and reducing potential risks and uncer-
tainties in terms of human health and environmental safety since the early stages of product develop-
ment, including the risk to health resulting from the potential airborne emission of nanoparticles  
and/ or agglomerates during the manufacturing of medical devices [34]. In the last years, there is  
an increasing interest in applying SbD in nanomedicine. For instance, the GoNanoBioMat project 
elaborated a methodological SbD approach for nanomedicines with a focus on polymeric  
nanobiomaterials used for drug delivery [35].

Depending on the final application, the preferred AM technology to create structures with GBN 
changes, because they offer different characteristics of the raw material and different accuracy. The 
addition of GBN also could define the technology used. Mainly, five different technologies are 
reported in the literature to be used with this kind of material, but the most commonly used with 
graphene nanocomposites are those based on extrusion:

• Fused Deposition Modeling (FDM): The raw material is typically a thermoplastic polymer, 
e.g., polylactic acid, polycaprolactone, etc. It is melted in a heated nozzle, and it is deposited 
in the melted state by extrusion through the nozzle, building the structure which cools down 
and solidifies after extrusion. When GBN are added to the thermoplastic, the resulting 
nanocomposite must flow and present flexibility to achieve good printability. Therefore, the 
concentration of GBN within filament is usually low (< 10%wt.) [36].

• Direct Ink Writing (DIW): In this case, the raw material is liquid because it uses a solvent 
and a polymer, e.g. DCM (dichloromethane) and PLGA (poly(lactic- co- glycolic acid)) [28]. 
The polymer act as a binder, which gives consistency to the printed part. In this technology, 
the ink is extruded from a nozzle that rapidly solidifies into a defined structure. The solidi-
fication of the structure is driven via the evaporation of the solvent. The colloidal ink must 
maintain its shape during the solidification or drying process. This technology admits high 

FIGURE 23.4 Scaffolds are highly porous 3D structures. In this example, the scaffold has square porous 
that is done in the three dimensions with high interconnectivity. Pores are approximately 0.8 μm in size and 
isotropic in their distribution. Adapted with permission [29]. Copyright C, Gao; T. Liu; C. Shuai; S. Peng, 
some rights reserved; exclusive licensee Nature Research. Distributed under a Creative Commons Attribution 
License 3.0 (CC BY).
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concentrations of fillers, achieving 60% vol. and often GBN are combined with ceramics to 
achieve good properties [28].

• Selective Laser Sintering (SLS): This technology uses powder as raw materials. The most 
common polymer powder used in SLS is polyamide, but ceramics can also be used, like bio-
active glass or diopside [29], [30]. The addition of GBN can be facilitated using a solvent to 
favor the mixing process or by mechanical mixing with the powder.

• Stereolithography (SLA) and Digital Light Processing (DLP): These technologies are 
based on Vat Polymerization and they differ in terms of the light source. SLA produces the 
curing of the resin by a laser, whilst DLP does this process by a digital projector, curing the 
whole layer at the same time. This technology is used for sensors and tissue engineering and 
the addition of GBN is done at low concentrations, usually lower than 2% wt. [37], since it 
can affect the curing process or act as light scattering, resulting in low printability. In these 
technologies, there is a drawback that has to be considered for Biomedical Engineering 
applications. Resins are a mix of oligomers, monomers, photoinitiators, and additives. The 
polymerization process occurs during the printing process and it is important to assure that 
the polymerization is complete, typically via postprocessing, since residual monomer and 
photoinitiator usually show cytotoxicity.

Pristine graphene sheets cannot form stable homogeneous dispersions, which can be solved when 
the graphene is oxidized or functionalized. GO is soluble in water (hydrophilic) due to its carboxyl, 
epoxy, and hydroxyl functional groups [13]. In any case, it is important to use an adequate method 
to disperse GBN to achieve good dispersion. The method used to produce the nanocomposite to feed 
the printer differs depending on the technology and the kind of raw material [38].

In the case of solid materials, those processed using FDM and SLS, usually a solvent is added to 
disperse GBN by ultrasonication or mechanical mixing. Besides, if the raw material is easily melted, 
GBN can be added to the melted matrix and there is no need to use any solvent. Conversely, DIW 
and SLA/ DLP technologies use liquid raw materials, which facilitates the addition and dispersion 
of GBN. In this case, ultrasonication and/ or mechanical mixing can be done without any solvent, 
achieving good dispersion. However, these liquid raw materials present often high viscosity, which 
makes it difficult to have a good dispersion of GBN. When it occurs, a solvent can be added to pro-
mote the dispersibility of nanofillers.

When solvents are used to disperse GBN, it is important to remove them completely because 
any trace of solvent could result in a reduction of mechanical properties of the structure and/ or 
possible reduction of the biocompatibility. After all, usually, the solvents used are toxic. The raw 
materials, GBN addition method, and advantages and disadvantages of each technology are shown 
in Table 23.2.

In the case of drug delivery devices, SLA is one of the most common AM technologies [45]. 
Conversely, to manufacture biosensors, FDM [22] and inkjet printing [20] have been explored. For 
the manufacturing of scaffolds, the most explored technology is FDM, but some studies with DIW, 
SLA, DLP, and SLS technologies can be found [5].

23.4  BIOLOGICAL FUNCTIONALITY

Some studies showed that bare graphene and GBN exhibit potential adverse effects and unsatisfied  
interaction at the biological and cellular interfaces [46]. The hydrophobic nature of graphene often  
impedes its use in the Biomedical Engineering field. However, the functionalization of GBN can  
result in better biological performance. Hydrophobicity is one of the factors that are responsible  
for cell mortality since they interfere with the hydrophobic protein- protein interaction [5]. Pristine  
graphene presents low chemical reactivity and solubility, which is partially solved by oxidizing it to  
produce GO. It contains hydroxyl and epoxide groups which are polar and hydrophilic. However,  
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there are still some regions of the basal plane that are unmodified and remain with the same proper-
ties as graphene [16].

One of the main reasons why the functionalization of graphene leads to a reduction in cellular 
toxicity is because it reduces the hydrophobicity of these nanomaterials. Graphene, GO and rGO 
can be functionalized with biomolecules, e.g., gelatin, cellulose, DNA, enzymes, hydroxyapatite, 
etc, to increase solubility in biological solutions, biocompatibility, response towards stimuli, the 
catalytic activity of enzymes, promoting cell growth, amongst others [47]. For instance, dextran- 
functionalized GO showed to be cleared from the reticuloendothelial system of mice within a week 
without significant toxicity [48].

There are different strategies to functionalize the surface: covalent and non- covalent 
functionalization, plasma hydrogenation, and nanoparticle functionalization [16]. For Biomedical 
Engineering applications, GBN are covalently functionalized with DNA, proteins, and polymers. 
The objective is to enhance biocompatibility or introduce additional specific properties, like 
targeting a precise location in cells and organisms for diagnosis or disease treatment [49]. In the 
case of non- covalent functionalization, π– π stacking and/ or electrostatic interaction is produced 
between the graphene surface and the functionalities [50]. For example, in the Biomedical 
Engineering field, graphene was functionalized with Fe

3
O

4
 and Au nanoparticles to be used as an 

TABLE 23.2
AM Technologies Used in Biomedical Engineering Applications

Raw Material GBN Addition Advantages Disadvantages Ref

FDM Thermoplastic -  Solvent dissolution
-  Melt mixing by extrusion

-  Low cost
-  Not using toxic 

solvents

-  High anisotropy
-  Low resolution
-  Flowability and flexibility 

limits GBN concentration

[36], [39]

DIW Liquid -  Solvent mixing
-  Centrifuge mixing
-  Ultrasonication

-  Low viscosity materials
-  Cells can survive 

during printing

-  Formulation of inks [40], [41]

SLS Powder -  Melt mixing by extrusion
-  Dissolution- precipitation
-  Physical mixing

-  No supports required
-  Facility to produce 

complex geometries
-  No solvent required

-  Medium resolution
-  Post- processing required

[38], [42]

SLA Liquid resin -  Solvent mixing
-  Ultrasonication

-  High resolution
-  Liquid raw material, 

which facilitates GBN 
addition

-  Cytotoxic residual 
monomer and/ or 
photoinitiator

-  Viscosity limits GBN 
concentration

-  GBN can affect 
polymerization and/ or 
light behavior

[42], [43]

DLP Liquid resin -  Solvent mixing
-  Ultrasonication

-  High resolution
-  Liquid raw material, 

which facilitates GBN 
addition

- Faster than SLA

-  Toxic residual monomer 
and/ or photoinitiator

-  Viscosity limits GBN 
concentration

-  GBN can affect 
polymerization and/ or 
light behavior

[38], [44]
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electrochemiluminescence marker for biosensing applications [51]. In the case of plasma treatment, 
the activation of hydrogen gases is performed by radio frequency or electric discharge to form 
plasma. When graphene is exposed to this plasma, the water molecules physisorbed on its surface 
are fragmented producing graphene hydrogenation. With this surface functionalization, a good level 
of hydrophilicity is obtained [52], [53].

23.5  CLINICAL TRANSLATION

In general, the application of nanotechnology in the Biomedical Engineering field (nanomedicine) 
showed interesting results, but it carries new barriers due to the difficulty to predict potential adverse 
effects on human health and the environment because of the complexity of nanobiomaterials. The 
unpredictability of the interaction of nanomaterials with biological systems makes it difficult to 
bring these to the market [35]. Undoubtedly, graphene and its derivatives have shown promising 
results in the Biomedical Engineering field. However, there are still some problems to solve to 
achieve their clinical translation. One of the main issues is the lack of standardization in the pro-
duction of graphene- based nanomaterials. Besides, there is a lack of guidelines, standards, and tools 
adapted to nanomedicine for assessing their risks.

To complete clinical assays, it is important to control the lateral size, purity, aggregation, and 
oxidative state of these nanomaterials [49]. The importance of controlling these factors is not only 
standardization to know the properties of the nanomaterials, but also to control their toxicity, since 
the number of layers, lateral size, shapes, and chemistry affect the interaction with the cells. For this 
reason, cytotoxicity studies found in the literature present inconclusive results because it depends 
on these factors, which are not completely controlled and standardized, as previously explained. 
Therefore, the lack of standardization of both, production and risk evaluation of GBN results in 
an under- exploitation of their potential benefits in medicine. To facilitate clinical translation, it is 
mandatory to satisfy strict regulatory requirements of the US- FDA (Food and Drug Administration) 
and EU- MDR (Medical Device Regulation). The critical quality attributes (CQAs) should capture 
the attributes that could affect the quality, safety, or efficacy of the final product, and they should be 
reported as part of the premarket application: chemical composition, average particle size, particle 
size distribution, aspect ratio, physical and chemical stability. However, FDA has not established 
regulatory definitions of ‘nanotechnology’, ‘nanomaterial’, ‘nanoscale’ or other terms related to the 
use of nanoparticles yet [54].

For the regulatory approval by the US- FDA of a new therapeutic entity, four different pathways 
can be followed: tissues, biological products, drugs, and medical devices. Depending on the appli-
cation, the therapeutic entity will match on a pathway. However, some approaches may fall into 
more than one category, even all four of these categories. It implies an important difference in 
times; bringing a medical device to market takes an average of three to seven years, compared with 
an average of 12 years for drugs [38]. Even with these issues, some graphene- based materials for 
Biomedical Engineering applications have already been commercialized. For example, graphene- 
polymer disks for dental applications [55], graphene- microalgae cosmetic skincare [56], and 
graphene- based glucose sensors [57] were developed by Graphenano®. However, to the best of 
our knowledge, 3D- printed graphene- based biomedical devices have not still been commercialized.

23.6  FUTURE PERSPECTIVES AND CHALLENGES

In this chapter, the use of 3D- printed graphene nanocomposites in the Biomedical Engineering 
field has been analyzed. The combination of AM and GBN has offered promising results that 
support its usage in different domains of Biomedical Engineering like Drug and Gene delivery, 
Biosensing, Bioimaging, Tissue Engineering, and Regenerative Medicine. Despite the good results 
obtained, clinical translation of 3D- printed devices made of graphene nanocomposites is not still a 
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global reality because of a lack of standardization in terms of manufacturing and risk assessment. 
Therefore, the way forward in this research field should be directed towards that end.

REFERENCES

1 H.P. Boehm, R. Setton, E. Stumpp, Nomenclature and terminology of graphite intercalation 
compounds. Carbon N. Y. 24 (1986) 241– 245.

2 K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V. Grigorieva, A.A. 
Firsov, Electric field effect in atomically thin carbon films. Science, 306 (2004) 666– 669.

3 S.K. Tiwari, V. Kumar, A. Huczko, R. Oraon, A. Adhikari, G.C. Nayak Magical allotropes of 
carbon: Prospects and applications. Crit. Rev. Solid State Mater. Sci. 41 (2016) 257– 317.

4 P. Kamedulski, M. Skorupska, P. Binkowski, W. Arendarska, A. Ilnicka, J.P. Lukaszewicz, High sur-
face area micro- mesoporous graphene for electrochemical applications. Sci. Rep 11 (2021) 22054.

5 M. Silva, I.S. Pinho, J.A. Covas, N.M. Alves, M.C. Paiva, 3D printing of graphene- based polymeric 
nanocomposites for biomedical applications. Funct. Compos. Mater. 2 (2021) 8.

6 T.P. Dasari Shareena, D. McShan, A.K. Dasmahapatra, P.B. Tchounwou, A review on graphene- 
based nanomaterials in biomedical applications and risks in environment and health. Nano- Micro 
Lett. 10 (2018) 53.

7 K. Sreeja, T. Naresh Kumar, Effect of graphene oxide on fresh, hardened and mechanical properties 
of cement mortar. Mater. Today Proc. 46 (2021) 2235– 2239.

8 Z. Jiang, O. Sevim, O.E. Ozbulut, Mechanical properties of graphene nanoplatelets- reinforced con-
crete prepared with different dispersion techniques. Constr. Build. Mater. 303 (2021) 124472.

9 W. Wang, J.R.P. Junior, P.R.L. Nalesso, D. Musson, J. Cornish, F. Mendonça, G.F. Caetano, P. 
Bártolo, Engineered 3D printed poly(ɛ- caprolactone)/ graphene scaffolds for bone tissue engineering. 
Mater. Sci. Eng. C. 100 (2019) 759– 770.

10 H. Elkhenany, S. Bourdo, S. Hecht, R. Donnell, D. Gerard, R. Abdelwahed, A. Lafont, K. Alghazali, 
F. Watanabe, A.S. Biris, Graphene nanoparticles as osteoinductive and osteoconductive platform for 
stem cell and bone regeneration. Nanomedicine Nanotechnology, Biol. Med. 13 (2017) 2117– 2126.

11 International Organization for Standarization ISO/ ASTM 52900:2021 Additive manufacturing— 
General principles— Fundamentals and vocabulary. 2021.

12 T. Limongi, F. Susa, M. Allione, E.Di Fabrizio, Drug delivery applications of three- dimensional 
printed (3DP) mesoporous scaffolds. Pharmaceutics 12 (2020) 085.

13 S. Syama, P.V. Mohanan, Comprehensive application of graphene: Emphasis on biomedical concerns. 
Nano- Micro Lett. 11 (2019) 6.

14 Z. Liu, J.T. Robinson, X. Sun, H. Dai, PEGylated nanographene oxide for delivery of water- insoluble 
cancer drugs. J. Am. Chem. Soc. 130 (2008) 10876– 10877.

15 Z. Cheng, B. Landish, Z. Chi, C. Nannan, D. Jingyu, L. Sen, L. Xiangjin, 3D printing hydrogel with 
graphene oxide is functional in cartilage protection by influencing the signal pathway of Rank/ Rankl/ 
OPG. Mater. Sci. Eng. C. 82 (2018) 244– 252.

16 Z. Guo, S. Chakraborty, F.A. Monikh, D.D.Varsou, A.J. Chetwynd, A. Afantitis, I. Lynch, P. Zhang, 
Surface functionalization of graphene- based materials: Biological behavior, toxicology, and safe- by- 
design aspects. Adv. Biol. 5 (2021) 2100637.

17 M. Aleemardani, P. Zare, A. Seifalian, Z. Bagher, A.M. Seifalian, Graphene- based materials prove to 
be a promising candidate for nerve regeneration following peripheral nerve injury. Biomedicines 10 
(2022) 73.

18 A. Goyanes, U. Det- Amornrat, J. Wang, A.W. Basit, S. Gaisford, 3D scanning and 3D printing 
as innovative technologies for fabricating personalized topical drug delivery systems. J. Control. 
Release. 234 (2016) 41– 48, doi:10.1016/ j.jconrel.2016.05.034.

19 S.K. Misra, F. Ostadhossein, R. Babu, J. Kus, D. Tankasala, A. Sutrisno, K.A. Walsh, C.R. Bromfield, 
D, Pan, 3D- printed multidrug- eluting stent from graphene- nanoplatelet- doped biodegradable polymer 
composite. Adv. Healthc. Mater. 6 (2017) 1– 14.

20 G. Rosati, M. Urban, L. Zhao, Q. Yang, C. De Carvalho, S. Bonaldo, C. Parolo, E.P. Nguyen, G. 
Ortega, P. Fornasiero. A plug, print & play inkjet printing and impedance- based biosensing tech-
nology operating through a smartphone for clinical diagnostics. Biosens. Bioelectron. 196 (2022) 
113737.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://dx.doi.org/10.1016/j.jconrel.2016.05.034


366 3D Printing: Fundamentals to Emerging Applications

21 A.M. López Marzo, A.C. Mayorga- Martinez, M. Pumera, 3D- printed graphene direct electron 
transfer enzyme biosensors. Biosens. Bioelectron. 151 (2020) 111980.

22 R.M. Cardoso, P.R.L. Silva, A.P. Lima, D.P. Rocha, T.C. Oliveira, M. Thiago, E.L. Fava, O. Fatibello- 
filho, E,M. Richter, R.A.A. Muñoz, Sensors and actuators B: Chemical 3D- printed graphene/ 
polylactic acid electrode for bioanalysis: Biosensing of glucose and simultaneous determination of 
uric acid and nitrite in biological fluids. Sensors Actuators B. Chem. 307 (2020) 127621.

23 J. Lin, X. Chen, P. Huang, Graphene- based nanomaterials for bioimaging. Adv. Drug Deliv. Rev. 105 
(2016) 242– 254.

24 D. Pan, J. Zhang, Z. Li, M. Wu, Hydrothermal route for cutting graphene sheets into blue- luminescent 
graphene quantum dots. Adv. Mater. 22 (2010) 734– 738.

25 V. Gomes, Graphene quantum dots for multiphoton imaging and drug delivery. Graphene 2017 
Conf. 2017.

26 M. Gasparotto, P. Bellet, G. Scapin, R. Busetto, C. Rampazzo, L. Vitiello, D.I. Shah, F. Filippini, 
3D printed graphene- PLA scaffolds promote cell alignment and differentiation. Int. J. Mol. Sci. 23 
(2022) 1736.

27 Z. Cheng, L. Xigong, D. Weiyi, H. Jingen, W. Shuo, L. Xiangjin, W. Junsong, Potential use of 3D- 
printed graphene oxide scaffold for construction of the cartilage layer. J. Nanobiotechnology 18 
(2020) 97.

28 A.E. Jakus, E.B. Secor, A.L. Rutz, S.W. Jordan, M.C. Hersam, R.N. Shah, Three- dimensional printing 
of high- content graphene scaffolds for electronic and biomedical applications. ACS Nano. 9 (2015) 
4636– 4648.

29 C. Gao, T. Liu, C. Shuai, S. Peng, Enhancement mechanisms of graphene in nano- 58S bioactive glass 
scaffold: Mechanical and biological performance. Sci. Rep. 4 (2014) 4712.

30 C. Shuai, T. Liu, C. Gao, P. Feng, T. Xiao, K. Yu, S. Peng, Mechanical and structural characterization 
of diopside scaffolds reinforced with graphene. J. Alloys Compd. 655 (2016) 86–92.

31 P. Rider, Z.P. Kačarević, S. Alkildani, S. Retnasingh, M. Barbeck, Bioprinting of tissue engineering 
scaffolds. J. Tissue Eng. 9 (2018) 1– 16.

32 W. Zhu, B. Harris, L. Zhang, Gelatin methacrylamide hydrogel with graphene nanoplatelets for neural 
cell- laden 3D bioprinting. Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. 2016 (2016) 4185– 4188.

33 F. Calignano, M. Galati, L. Iuliano, P. Minetola, Design of additively manufactured structures for 
biomedical applications: A review of the additive manufacturing processes applied to the biomedical 
sector. J. Healthc. Eng. 2019 (2019) 9748212.

34 J.M. López De Ipiña, C. Vaquero, A. Egizabal, A. Patelli, L. Moroni, Safe- by- design strategies 
applied to scaffold hybrid manufacturing. J. Phys. Conf. Ser. 1953 (2021) 012009.

35 M. Schmutz, O. Borges, S. Jesus, G. Borchard, G. Perale, M. Zinn, Ä.A.J.A.M. Sips, L.G. Soeteman- 
Hernandez, P. Wick, C. Som, A methodological safe- by- design approach for the development of 
nanomedicines. Front. Bioeng. Biotechnol. 8 (2020) 1– 7.

36 S.F. Melo, S.C. Neves, A.T. Pereira, I. Borges, P.L. Granja, F.D. Magalhães, L.C. Gonçalves, 
Incorporation of graphene oxide into poly(ɛ- caprolactone) 3D printed fibrous scaffolds improves 
their antimicrobial properties. Mater. Sci. Eng. C. 109 (2020) 110537.

37 M.M. Hanon, A. Ghaly, L. Zsidai, Z. Szakál, I. Szabó, L. Kátai, Investigations of the mechanical 
properties of DLP 3d printed graphene/ resin composites. Acta Polytech. Hungarica. 18 (2021) 
143– 161.

38 S. Lopez de Armentia, J.C. del Real, E. Paz, N. Dunne, Advances in biodegradable 3D printed 
scaffolds with carbon- based nanomaterials for bone regeneration. Materials (Basel). 13 (2020) 5083.

39 X. Wei, D. Li, W. Jiang, Z. Gu, X. Wang, Z. Zhang, Z. Sun, 3D printable graphene composite. Sci. 
Rep. 5 (2015) 11181.

40 G. Shi, S.E. Lowe, A.J.T. Teo, T.K. Dinh, S.H. Tan, J. Qin, Y. Zhang, Y.L. Zhong, H. Zhao, A versa-
tile PDMS submicrobead/ graphene oxide nanocomposite ink for the direct ink writing of wearable 
micron- scale tactile sensors. Appl. Mater. Today. 16 (2019) 482– 492.

41 K. Chizari, M.A. Daoud, A.R. Ravindran, D. Therriault, 3D printing of highly conductive 
nanocomposites for the functional optimization of liquid sensors. Small, 12 (2016) 6076– 6082.

42 H. Qu, Additive manufacturing for bone tissue engineering scaffolds. Mater. Today Commun. 24 
(2020) 101024.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3673D-Printed Graphene for Biomedical Applications

43 Z. Feng, Y. Li, L. Hao, Y. Yang, T. Tang, D. Tang, W. Xiong, Graphene- reinforced biodegradable 
resin composites for stereolithographic 3D printing of bone structure scaffolds. J. Nanomater. 2019 
(2019) 1– 13.

44 Z. Feng, Y. Li, C. Xin, D. Tang, W. Xiong, H. Zhang, Fabrication of graphene- reinforced 
nanocomposites with improved fracture toughness in net shape for complex 3D structures via digital 
light processing. J. Carbon Res. 5 (2019) c5020025.

45 J. Wang, Y. Zhang, N.H. Aghda, A.R. Pillai, R. Thakkar, A. Nokhodchi, M. Maniruzzaman, Emerging 
3D printing technologies for drug delivery devices: Current status and future perspective. Adv. Drug 
Deliv. Rev. 174 (2021) 294–316.

46 K.H. Liao, Y.S. Lin, C.W. MacOsko, C.L. Haynes, cytotoxicity of graphene oxide and graphene in 
human erythrocytes and skin fibroblasts. ACS Appl. Mater. Interfaces. 3 (2011) 2607– 2615.

47 C. Nie, L. Ma, S. Li, X. Fan, Y. Yang, C. Cheng, W. Zhao, C. Zhao, Recent progresses in graphene 
based bio- functional nanostructures for advanced biological and cellular interfaces. Nano Today. 26 
(2019) 57– 97.

48 S. Zhang, K. Yang, L. Feng, Z. Liu, In vitro and in vivo behaviors of dextran functionalized graphene. 
Carbon N. Y. 49 (2011) 4040– 4049.

49 G. Reina, J.M. González- Domínguez, A. Criado, E. Vázquez, A. Bianco, M. Prato, Promises, facts 
and challenges for graphene in biomedical applications. Chem. Soc. Rev. 46 (2017) 4400– 4416.

50 V. Georgakilas, J.N. Tiwari, K.C. Kemp, J.A. Perman, A.B. Bourlinos, K.A. Kim, R. Zboril. 
Noncovalent functionalization of graphene and graphene oxide for energy materials, biosensing, 
catalytic, and biomedical applications. Chem. Rev. 116 (2016) 5464– 5519.

51 W. Gu, X. Deng, X. Gu, X. Jia, B. Lou, X. Zhang, J. Li, Wang, E. Stabilized, Superparamagnetic 
functionalized graphene_ Fe

3
O

4
@Au nanocomposites for a magnetically- controlled solid- state 

electrochemiluminescence biosensing application. Anal. Chem. 87 (2015) 1876– 1881.
52 D. Jones, W. Hoffmann, A. Jesseph, C. Morris, G. Verbeck, J. Perez, On the mechanism for plasma 

hydrogenation of graphene. Appl. Phys. Lett. 97 (2010) 233104.
53 M. Moschetta, J.Y. Lee, J. Rodrigues, A. Podestà, O. Varvicchio, J. Son, Y. Lee, K. Kim, G.H. Lee, F. 

Benfenati, M. Bramini, A. Capasso, Hydrogenated graphene improves neuronal network maturation 
and excitatory transmission. Adv. Biol. 5 (2021) 2000177.

54 U.S. Department of Health and Human Services; Food and Drug Administration; Center for Drug 
Evaluation and Research; Center for Biologics Evaluation and Research. Drug Products, Including 
Biological Products, that Contain Nanomaterials 2022.

55 Graphenano Nanotechnologies Graphenano Dental. Available online: www.gra phen ano.com/ gra 
phen ano- den tal/ .

56 AquaGraph AcquaGraph Cosmetics. Available online: www.acq uagr aph.com/ .
57 Graphenano Nanotechnologies Graphenano Sensors. Available online: www.gra phen ano.com/ gra 

phen ano- sens ors/ .

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.graphenano.com
http://www.graphenano.com
http://www.acquagraph.com
http://www.graphenano.com
http://www.graphenano.com


 

https://taylorandfrancis.com


369DOI: 10.1201/9781003296676-24

24 3D- Printed Metal Oxides 
for Biomedical Applications

Dipesh Kumar Mishra1*, Rudranarayan Kandi2*,   
Dayanidhi Krishana Pathak3, and Pawan Sharma4

1Department of Manufacturing Technology and Automation, Center for 
Advanced Studies, AKTU Lucknow, 226031, India
2Assistant professor, Department of Industrial and Production Technology, 
Dr B R Ambedkar National Institute of Technology Jalandhar, Punjab.
3Department of Mechanical and Automation Engineering, G. B. Pant 
Government Engineering College, New Delhi, 110020, India
4Department of Mechanical Engineering, Indian Institute of Technology, 
(BHU) Varanasi, 221005, India
*Corresponding author: mishradipesh14@gmail.com, rudranarayan07@
gmail.com

CONTENTS

24.1 Introduction ........................................................................................................................369
24.2 Biomedical Applications of Metal Oxides .........................................................................371

24.2.1 Drug Delivery and Theranostic Applications ......................................................371
24.2.2 Cancer Therapy ....................................................................................................371
24.2.3 Protection of Implants .........................................................................................372
24.2.4 Control of Bacterial Effect and Wound Healing ..................................................372

24.3 3D Printing of Metal Oxides ..............................................................................................373
24.3.1 3D Printing of Iron Oxides ..................................................................................373
24.3.2 3D Printing of Titania (TiO

2
) ...............................................................................375

24.3.3 3D Printing of Zirconia (ZrO
2
) ............................................................................377

24.3.4 3D Printing of Zinc Oxide (ZnO) ........................................................................378
24.4 Conclusions ........................................................................................................................379
References ......................................................................................................................................379

24.1  INTRODUCTION

Metal oxides are compounds that are abundantly found in nature. These are formed by the reaction 
of metal and oxygen. Metal oxides have a vital role in various chemical reactions and physical areas. 
In the last decades, the critical uses of metal oxides, such as application in gas sensing,  
making in transistors, catalysis, fabrication in biosensors, microelectronics, and many more, have  
attracted researchers. Metal oxides exhibit promising electronic and magnetic properties, which can  
be inferred from Table 24.1. The available metal anion and oxide anion held together by electrostatic  
force in crystalline metal oxides induce higher carrier mobility, optical transparency, and tolerance  
to mechanical stress, making them more efficient for electronic applications such as the fabrication 
of solar cells and semiconductors. Furthermore, metal oxide- based nanostructures have unique  
physical and chemical properties because of their regular and limited size, which affect the basic  
interaction properties of materials. Therefore, a large variety of metal oxides such as nanowires,  
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nanoporous structures, and nanotubes are widely used for fulfilling the need available in different  
energy and engineering sectors. Moreover, the ferro, ferri, and antiferromagnetic behavior of metal  
oxides make them more suitable for biomedical applications (i.e., drug delivery, magnetic resonance  
imaging (MRI), and hyperthermia [1]).

Currently, the metal oxides nanoparticles (NPs) have been extensively utilized in different bio-
medical applications owing to their remarkable properties like selective oxidation, dehydration, 
photocatalysis, electrolysis, higher surface area, better magnetic properties, and enhanced catalytic 
activity. Interestingly, the biomedical properties of NPs cannot be compared with the properties of 
bulk particles corresponding to macroscopic size particles. The extensively used metal- based NPs 
for biomedical applications are TiO

2
, ZrO

2,
 and ceria (CeO

2
), and more detailed applications of 

different metal oxides are presented in Table 24.1. These mentioned materials have promising anti-
oxidant, bacterial activities, mechanical stability, and biocompatibility properties that made them 
incomparable for biomedical appliances such as neurochemical monitoring and drug delivery instru-
ment [2]. Furthermore, few metal oxides can create a favorable environment for drug delivery by 
developing oxides’ monolayer surface carriers [3].

The shape and size of NPs have strongly impacted their applications in various fields. Generally, 
the range of NPs lies between 1 to 100 nm. As compared to bulk or macro- sized metal oxides, NPs 
exhibit distinct features like they can go in the cell membrane or internal cell organelles, and may 
even ease to surpass the blood- brain hurdle. In a recent study, it was found that the 20 nm sized 
NPs are extra capable to cross the internal cell organelles. Even, these tiny- sized NPs can pierce 
the bacterial cells and release their toxic effects by dissolution. The major parameters that mainly 
help to improve the characteristics of metal oxides are large surface area and proportionate effects. 
The larger surface area of NPs per unit mass makes the metal oxides more effective by constantly 
increasing their diffusion mechanism. Thereby, the magnetic, optics, and electrical properties of 
NPs are largely enhanced [4].

The important challenge of metal oxides highlighted by researchers in the context of biomedical 
applications is toxicity. From the prior study, it was found that the size and loading of nanoparticles 
over the surface affected the toxicity [5]. To investigate the toxicity of metal oxides, the delicate 
cellular changes in DNA damage and oxidative damage on human tissue are vital to examine. 
Additionally, chemical inertness is another important factor that is being used for artificial implants. 

TABLE 24.1
Application of Metal Oxides in Various Fields [1]

Types of Oxides Properties Applications

BiO
3

(a) Optoelectronicronic,
(b) Semiconductor with photocatalytic activity

Water treatment plants

Co
3
O

4
(a) Optical, (b) magnetic, and 

(c) electrochemical properties
Energy storage plants

Fe
2
O

3
/ Fe

3
O

4
(a) Magnetic properties Biomedical uses like MRI and Drug delivery.

Sb
2
O

3
(a) Semiconductor material Use as a Chemical catalysis

SiO
2

(a) Biocompatible properties Cosmetic and biomedical
TiO

2
(a) Electronic properties Environment preservation and biomedical 

application.
UnO

2
(a) Electronic properties Nuclear

ZnO (a) Electronic properties Decontamination of gases
ZrO

2
(a) Electro- optical, (b) piezoelectric and 

(c) dielectric material
Catalysis

SnO
2

(a) Optical and (b) electronic Biomedical
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In this context, iron oxide, zinc oxide, and titanium oxides are popular metal oxides that are widely 
used. The nanoparticles of these metal oxides were found to meet the challenges associated with 
metal oxides for biomedical applications. The NPs are analyzed where NPs with proper purposeful 
sets permit the clinging with medicines, antibodies and lingands. The operationalization of the 
metal oxides set can be assisted by non- covalent connections between the hydroxyl group of metal 
oxides and ligands [6]. The following features that are associated with NPs of metal oxides are 
(i) non- toxic, (ii) chemically stable, (iii) biocompatible, and (iv) resistance to wear and scratch [7], 
[8]. Presently, the usages of metal oxide groups in different fields are recognized by international 
standard groups (like ISO) [9].

24.2  BIOMEDICAL APPLICATIONS OF METAL OXIDES

The potential features of metal oxides have gained their application in the biomedical field such as 
used for drug delivery, artificial implant fabrication, cancer therapy, etc.

24.2.1  drug deliVery and theranostic aPPlications

The designing of drug delivery systems is planned in such a way that delivers the relaxing 
chemicals to the intended locations of the human body. In this regard, cerium oxide, zinc oxide, and 
superparamagnetic iron oxide nanoparticles (SPIONs) have been broadly utilized as metal oxide- 
made carriers for drug delivery. The main function of the drug delivery system is that it does not 
comprise the functionality of drugs and the same can be unloaded as prompted by stimuli [10].

Theranostic is a new era of medicine that used to target the site with combine specific therapy 
and diagnostic tests. Theranostics is used by specific biomarkers for obtaining the diagnostic images 
from inside the human body and further, the therapeutic dose of radiations is provided to the patient 
on the behalf of diagnostic images obtain from them. Therefore, in the recent trends, different 
nanomedicine- based technology and imaging contrast agents are widely using a theranostic system 
that has the facility of therapeutics and diagnostic functionality in a single platform. In this context, 
zinc oxide NPs have been used.

The application of SPIONs is popularly known as the contrast agent for MRI (according to FDA). 
It was observed from the literature review, that the DOX- loaded SPIONs were efficiently used to 
resist the breast cancer cells by increasing the efficacy of the drug delivery system. Further, this 
effect reduces loads of medicine dose and its side effects [11].

24.2.2  cancer theraPy

The better thermal property of SPIONs helps to develop localized heating near tumor areas when 
the suitable magnetic field is activated. As the temperature increases beyond 40 oC, localized hyper-
thermia assists to release the drug that further caused cancer cell death.

Titanium oxide (TiO
2
) based NPs have been widely used as a therapy for killing cancer cells. 

These NPs produced cytotoxic radical oxygen species (ROS) as they were exposed to ultraviolet 
(UV) light. Hence, the patient suffered hair loss and baldness. A primary issue with this technique 
is the straight exposure against UV lights to live cells. In this regard, Shrestha et al. [12] reported 
that the toxicity of TiO

2- 
based NPs can be reduced by mixing with SPIONs. In addition, cerium 

oxide- based NPs have exhibited as a vital tool for providing resistance against ROS- induced toxicity 
[12]. Further, the additional biological control feature of cerium oxide- based NPs can also use as a 
radio sensitizing agent in the context of controlling the damage that occurred due to ROS toxicity. 
The latest study reported that the cerium oxide’s toxicity was against the cancerous cell, not normal 
living cells. Therefore, it can be used as a toxic- free agent for normal cells. The radio sensitizing 
property of cerium oxide assists to make it a nongenotoxic agent. Thereby, it can control the damage 

 

 

 

 

 

 

 

 

 

 

 



372 3D Printing: Fundamentals to Emerging Applications

to DNA. Although, the in- vivo study has presented a reduced tumor weight and volume in nude 
xenografted mice after treatment with cerium oxide [5].

24.2.3  Protection of iMPlants

Mostly, the cases of tumors were found in the patients due to bacterial adhesion and its multiplica-
tion in the implants. Consequently, bacterial adhesion leads to bone resorption and the implant has 
removed. The latest study has reported that the use of antibacterial coating can limit the result of 
bacterial infection. The parameters like biocompatibility, tenability, and resistance against mechan-
ical stress are found vital characteristics of implants that are responsible for the effective working of 
antibacterial adhesion. In this context, titania is often used as a coating material over bio- implants 
for excellent cell adhesion and proliferation [13]. Moreover, Al

2
O

3
, ZnO, and CuO NPs are better 

coating materials for the hindrance of bacterial infection [5]. Figure 24.1 shows the antibacterial 
properties of the artificial bone implant.

24.2.4  control of Bacterial effect and wound healing

The low concentration of metal oxides has shown a better influence on antibacterial activity. 
Minimum repressive and antibacterial concentrations are found in ZnO NPs in comparison with 
zinc acetate. In the prior study, Azam et al. proposed the antibacterial exercise of ZnO, CuO, and 
Fe

2
O

3
 NPs contrary to the different bacteria such as Gram positive and Gram negative [13]. This 

study revealed that ZnO possesses large energy in response to Gram- positive bacterial than Gram- 
negative bacterial strains. Small particle- sized NPs are higher in surface to volume ratio, which leads 
to induced hindrance against bacterial growth. In addition, ZnO NPs have been used to produce ROS 
that is further utilized to kill cancer cells [13].

The aim of wound healing research helps decrease the risk of bacterial infection and accelerate  
the speed of recovery. In this regard, ZnO NPs are widely used as wound healing agents because  
they have better antibacterial and antifungal properties. The addition of ZnO- based NPs for wound  
dressing has been found to have improved the wound therapeutic process. The result of the latest  

FIGURE 24.1 Schematic of artificial bone prostheses showing antibacterial properties. Adapted with 
permission [5] . Copyright: The Authors, some rights reserved; exclusive licensee [IOP Publishing]. Distributed 
under a Creative Commons Attribution License 3.0 (CC BY).
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studies has shown that the effect of metal oxide nanoparticles against bacteria was increased signifi-
cantly if the particle size was found less than 100nm [14]. Moreover, TiO

2
 NPs were also obtained  

to be more efficacious in the wound therapeutic process. When UV light is exposed to TiO
2
 NPs then  

titanium ions were released, which then leads to resistance the bacterial infections and significantly  
increased wound healing [3].

The process used for fabricating the artificial implants made from metal oxides also induced 
a vital impact on its successful applications. In this context, three- dimensional (3D) printing 
techniques have found many advantages over other conventional processing techniques. This emer-
ging processing technique has gathered great concern among not only manufacturers for fabricating 
medical equipment but also inducing promising properties for its successful applications. The same 
can be studied in the next section in a detailed manner [15].

24.3  3D PRINTING OF METAL OXIDES

3D printing is a versatile manufacturing technique that covers a large range of structures and intri-
cate geometry from the 3D CAD model data. This technique follows layer- by- layer deposition 
steps for the fabrication of any products. Initially, this technique was invented by Charles Hull in 
1986 under the name of Stereolithography (SLA) which was followed by subsequent growth such 
as fused deposition modeling (FDM), powder bed fusion (PBF), direct energy deposition (DED), 
inkjet printing and many more. 3D printing has grown over the years, and the advantages such as 
less wastage, freedom of design, and automation make it capable to induce change in the manufac-
turing system. Therefore, it is widely used in different fields, including construction, prototyping 
and biomedical. Especially, in the last decade, this latest technology is extensively preferred for 
the fabrication of medical- specific devices. Applications using biocompatible materials such as the 
development of tissue without damaging the surrounding living cells, designing of drug delivery 
systems, blood delivery systems, dental implants, and special medical devices used for cancer 
therapy, and protection of medical implants [16].

Several 3D- printing methods have been attempted to fabricate parts with metal oxides/ polymer 
and metal oxide/ metal powder in various biomedical applications. The manufacturing method 
includes fused deposition modeling (FDM), resin- based 3D printing, selective laser sintering/ melting 
(SLS and SLM), solvent- based extrusion 3D printing, two- photon- based 3D printing, and binder jet 
printing, and selective laser gelling (SLG). Further, the chapter examines various applications of 
3D- printed metal oxides in the biomedical field.

24.3.1  3d Printing of iron oxides

A broad range of material combinations with iron oxides has been attempted to suit various biomed-
ical applications. The selection of various materials with metal oxides is based on both the appli-
cation and type of implants. To date, various types of 3D- printing methods have been adapted to 
implement the utilities of iron oxides in the biomedical field. Table 24.2 presents a list of materials 
with iron oxide for various biomedical applications.

To overcome the limitations such as poor load- bearing capacity and low specific gravity, iron  
oxide has been incorporated into polylactic acid (PLA) to improve both the mechanical and biocom-
patibility of the composite [17]. The investigation mentioned the addition of F

3
O

4
 significantly  

improved the radiopacity and the location of the bone screw implant was clear in the micro- CT scan  
without any blooming effect. Figure 24.2 shows the typical scanning images of the neat polymeric  
bone screw and 20% Fe

3
O

4
/ polymeric bone screw at the implant site. Fe

3
O

4
 nanoparticles exhibited  

excellent osteogenic effects [18]– [20]. Mixing unmodified iron oxides in biocompatible polymers  
improves biocompatibility with the induction of magnetism [21]. The inductive coupling magnetism  
can promote the growth, differentiation, and mineralization of the bone cells on the scaffold. A report  
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checked the effects of the inductive coupling magnetism on the scaffold biocompatibility and the  
effect was positive on the osteogenic responses with higher cell proliferation and collagen produc-
tion. Similar observations were reported where a low static magnetic field positively impacted the  
osteogenic differentiation potential of the cells inside the biomimetic magnetic scaffold [22]. 3D-  
printed titanium bone implants coated with iron oxides are suitable options for large bone defects  
at load- bearing sites. Huang and the group [23] developed a 3D- printed titanium bone implant  
fabricated using selective laser melting (SLM). To improve cell proliferation and osteogenic differ-
entiation, magnetic Fe

3
O

4
 mixed with polydopamine (PDA) was coated over the titanium implant.  

Post- implantation in the rabbit bone revealed that the coated implant in the presence of a slow  
magnetic field (SMF) could overcome the poor osteogenic activity enhancing cell proliferation,  
attachment, and differentiation.

FIGURE 24.2 Illustration of screw implant made of (a) polymer, (b) polymer/ Fe
3
O

4
 composite, micro- CT 

of implanted, (c) polymeric screw, and (d) polymer/ Fe
3
O

4
 composite screw in rabbit bone site. Adapted with 

permission [17]. Copyright: The Authors, some rights reserved; exclusive licensee [MDPI]. Distributed under 
a Creative Commons Attribution License 4.0 (CC BY).

TABLE 24.2
Various Biomedical Applications of Iron Oxides Using 3D Printing

Application Materials Fabrication Method Product

Bone Implant/ 
repair/ Bone tissue 
engineering

Polylactic acid +  Fe
3
O

4
Fused deposition 

method (FDM)
Bone screw [17]

Chitosan +  Fe
3
O

4
Solvent- based extrusion 

printing
Bone Scaffold [21]

Ti- 6Al- 4V +  Fe
3
O

4
 +  

polydopamine (PDA)
Selective laser melting 

(SLM)
Bone Scaffold [23]

Silk fibroin +  Fe
3
O

4
3D printing 3D printed frame for tissue 

culture plate with magnets [22]
Drug Delivery Chitosan +  Fe

2
O

3
Two photon printing Micro swimmers [24]

Glycol chitosan +  oxidized 
hyaluronate (OHA) +  Iron 
oxide

Extrusion 3D printing 3D printed constructs [25]

Soft robotics/ Bionic 
devices

GelMA +  Iron oxides Solvent based extrusion 
printing +  UV curing

Bio- inspired soft robotic systems 
[26]

Regenerative/ 
Restoration 
application

Polyglycolic acid (PLGA) +  
GelMA +  Iron oxide

Direct writing 3D 
printing

Bile duct scaffold [27]

Silk fibroin +  Iron oxide Digital light printing 
(DLP)

Magnetic Bioreactor [28]
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Apart from bone implant and bone tissue repair, iron oxides have been used for drug delivery  
applications. Magnetically actuated biocompatible and biodegradable chitosan/ iron oxide- based  
micro- swimmers are fabricated using two photon- based 3D printing [24]. The magnetic field helps  
the micro- swimmers steer in the medium to reach the target site. Further, the micro- swimmers  
are activated using light induction to release the drug at the target site with high precision and  
efficacy. In another report, magnetic 3D constructs of Glycol chitosan+  oxidized hyaluronate  
(OHA)+  Iron oxide are 3D printed using solvent extrusion 3D printing for bioinspired soft robotic  
applications [25]. Iron oxides have shown great potential for a wide array of applications in fabri-
cating magneto- responsive soft robots and bionic devices. Gelatin methacryloyl matrix (GelMA)/   
iron oxide is used to fabricate starfish soft robots and is actuated using a magnetic field [26].  
Additionally, iron oxides are used in tissue regenerative applications such as bile duct regeneration 
and cardiac muscle generation [27], [28]. Figure 24.3 shows the fabrication of a tubular  
scaffold of poly (lactic- co- glycolic acid) PLGA/ GelMA/  IKVAV laminin peptide/ iron oxide using  
a direct writing method of 3D printing. The composite artificial bile duct shows excellent MRI  
imaging function due to the presence of iron oxide for real- time non- invasive detection of tissue  
repair.

24.3.2  3d Printing of titania (tio2)

Titanium oxide continues to be one of the most evolved biomaterials used in biomedical  
applications. It has been a suitable candidate for bone tissue engineering and controlled drug  
delivery applications. A report demonstrates the fabrication of bone implant of polymer/ ceramic  
oxide composite using novel aerosol- based 3D printing and TiO

2
 is well dispersed over the 3D-  

printed implant using an atomizer [29]. The well- dispersed TiO
2
 improves the mechanical and  

biocompatibility of the implant by improving the load- bearing capacity, improved osteoblast  
adhesion, and collagen deposition compared to the implant with agglomerated TiO

2
. Further,  

it reduced the acidic pH changes at the local site and improves the mechanical integrity of the  

FIGURE 24.3 Schematic synthesis GelMA and fabrication of artificial tubular scaffold of PCL for bile duct 
using a 3D printing method. Adapted with permission [27]. Copyright: The Authors, some rights reserved; 
exclusive licensee [Frontiers]. Distributed under a Creative Commons Attribution License 4.0 (CC BY).
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implant. TiO
2
 is known for its biocompatibility, non- toxicity, and antibacterial properties. The  

nanoparticles upon mixed with biodegradable polymer improve the stability of the polymer. It  
is observed that the 3D- printed scaffolds show improved strength and elongation with the addition 
of TiO

2
 in polycaprolactone (PCL)/ polylactic acid (PLA) composite and their properties  

are similar to the properties of cancellous bone [30]. The coating of TiO
2
 over the bone implant  

improves the morphology of the coated surface mimicking the bone microenvironment [31]. It  
causes the enhancement in the bioactivity of the osteoblast cells and consequently strengthens the  
cell attachment. TiO

2
 is used over the 3D- printed titanium implants to improve the defect healing  

and mechanical interlocking at the interface [32]– [35]. The coating is performed by various  
methods such as electrochemical anodization, liquid phase deposition, atomic layer deposition  
(ALD), and hydrothermal method. Further, TiO

2
 is used for enhancing the antibacterial properties 

of 3D- printed implants [36]. Figure 24.4 shows the titanium lattice scaffolds fabricated using  
selective laser melting (SLM) and the titania- silver composite power is dispersed over the lattice  
using spark plasma sintering (SPS). Apart from these, 3D printing of PLA scaffolds coated with  
TiO

2
 is used for dentin fabrication for dental applications [37]. ALD deposition of TiO

2
 with fused  

deposition modeling (FDM) combines the convenience of biodegradable polymer additive manu-
facturing with the superior osseointegration of TiO

2
.

FIGURE 24.4 Top row: Illustrative images of Ti6Al4V lattice structures using Selective laser melting (SLM); 
Bottom row: Illustrative images of sintered TiO

2
– 2.5% Ag embedded in the Ti6Al4V lattice structures using 

Spark plasma sintering (SPS). Adapted with permission [36]. Copyright: The Authors, some rights reserved; 
exclusive licensee [MDPI]. Distributed under a Creative Commons Attribution License 4.0 (CC BY).
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24.3.3  3d Printing of zirconia (zro2)

Zirconia (ZrO
2
) has been successfully used in clinics due to its toughest property in oxide ceramics  

and the excellent biocompatibility endows the ZrO
2
 scaffolds with bone tissue engineering. The  

introduction of ZrO
2
 into pure ceramics may probably regulate the degradation rate and create a  

more stable microenvironment for related cell activities, eventually promoting new bone formation.  
Potential manufacturing of polyamide/  ZrO

2
 is studied using fused deposition modeling (FDM) 3D  

printing to fabricate composite with comparable strength to biomedical implants [38]. 3D printed cer-
amic scaffold incorporated with ZrO

2
 is one of the promising candidates for bone tissue engineering.  

An increase in ZrO
2
 in the 3D printed β- Ca2SiO4 scaffolds improves the compressive strength and  

stimulates cell attachment, proliferation, and differentiation of osteoblast [39]. Importantly, post-  
implantation in the rat defect site promotes new bone generation compared to the scaffold without  
ZrO

2
. Novel 3D- printing methods such as fusion 3D- printing process (FPG) and selective laser  

gelling (SLG) have been adopted incorporating ZrO
2
 to improve the bone regeneration property of  

the scaffolds. In the fusion 3D- printing process, [40] ZrO
2
 is added to melted biodegradable polymer  

(PCL) in a heatable barrel at around 105 ℃ and extrusion of PCL/ ZrO
2
 is performed over a flat plat-

form with the help of compressed air. ZrO
2
 improves the surface wettability of the overall scaffolds  

by improving the hydrophilicity nature conducive to cell adhesion and water uptake, beneficial for  
nutrient exchange. In selective laser gelling (SLG) [41], ZrO

2
 and SiO

2
 powders (fillers) are mixed  

with the SiO
2
 solution (binder), and the slurry is used for the 3D printing as shown in Figure 24.5.  

FIGURE 24.5 Illustrative image of (a) Selective laser gelling (SLG) based 3D printing machine, (b) schematic 
figure of developed SLG(c) fabricated part for a bone implant, and (d) cross-sectional view of the bone implant. 
Adapted with permission [41]. Copyright: The Authors, some rights reserved; exclusive licensee [Scientific 
Reports]. Distributed under a Creative Commons Attribution License 4.0 (CC BY).
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The method possesses a CO
2
 laser, scanner, slurry feeder, scrapper, servomotor, and a platform. The  

laser selectively solidifies the solution to form the green part. The green part is later heat treated at  
1300 ℃ to generate the ceramic bone implant. The scaffold with ZrO

2
 possesses mechanical properties 

and cell affinity more comparable to those of natural human bone. ZrO
2
 is used as the filler  

material to improve the antibacterial property of the implant. Gel casting, a novel manufacturing  
method is used where both resin 3D printing, gel casting, and sintering are performed to fabricate  
ceramic hip prostheses of ZrO

2
 [42]. The ZrO

2
 shows excellent antibacterial property that effectively 

kills the pathogen bacteria like Escherichia coli and Staphylococcus aureus. However, the  
limitations of ZrO

2
 are the brittleness of the fabricated scaffolds. Further, ZrO

2
 improves the radiopa-

city and biocompatibility of regenerative devices. Polymers are radiolucent and are not visible  
under X- ray imaging and CT scanning. The incorporation of radiopaque material into the polymer  
improves the exact position of the implant device during X- ray imaging. The incorporation of radi-
opaque material into the polymer improves the exact position of the implant device during X- ray  
imaging [43]. The image for the 3D- printed part doped with ZrO

2
 depicts all the bones of the hand,  

unlike the part without radiopaque ZrO
2
.

24.3.4  3d Printing of zinc oxide (zno)

Zinc oxide (ZnO) offers potential applications in the field of bone tissue engineering, photocatalysts,  
and antibacterial activities. The addition of silica with ZnO improves the compressive strength of  
3D- printed tricalcium phosphate scaffolds for bone regeneration [44]. Further, it improves the  
hydrophilicity and cellular proliferation over the bone scaffolds suitable for bone tissue regeneration 
application [45]. With the increase of ZnO content up to 0.5 % in 3D- printed (powder- based  
Polyjet 3D printing) calcium sulfate hemihydrate (CSHH) scaffolds improve the Young’s modulus  
and compressive strength of the scaffold [46]. Apart from these, ZnO is used in the fabrication  
of photocatalysts to remove or degrade pharmaceutical contaminations in water. Fused deposition  
modeling (FDM) is used to manufacture photocatalysts of polymer/ ZnO and the photocatalytic  
ability is improved to the efficiency of ~98% after 60 mins under UV treatment [47]. 3D- printed  
ZnO/ ABS/ TPU/ CaSiO33D using fused deposition modeling (FDM) offers an alternative field of  
wastewater treatment in large chemical equipment and plants [48]. Figure 24.6 shows the fabrication 
of photocatalysis of polylactic acid coated with ZnO using fused deposition modeling (FDM)  

FIGURE 24.6 Illustrative image of zinc oxide coated PLA (a) fabrication of PLA part using 3D printing, 
(b) placement of PLA part over the metal base, (c) Stainless steel (ss) autoclaves, (d) coating process inside an 
oven for 2 h, and (e) 3D printed PLA/ ZnO part. Adapted with permission [49]. Copyright: The Authors, some 
rights reserved; exclusive licensee [MDPI]. Distributed under a Creative Commons Attribution License 4.0 
(CC BY).
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to remove pharmaceutical contaminants in water [49]. Apart from these, ZnO is used with polymeric  
biomaterials for wood healing [50] and to improve the antibacterial properties of the scaffolds [51].

24.4  CONCLUSIONS

1. In this chapter, various 3D printing methods in combination with suitable biomaterials 
(polymer and metal) has been reviewed for different applications comprehensively.

2. Bioengineered scaffold fabrication processes, including material, application, and manufac-
turing methods are described briefly.

3. Major applications of 3D- printed metal oxides such as orthopedic application, improving the 
antibacterial properties of bone implants, wound healing, drug delivery, and soft bionic and 
photocatalytic applications have been highlighted.

4. Another growing area in the 3D printing of metal oxide polymer composite is the improve-
ment in the radiopacity of the biomedical devices for clear visibility in X- ray imaging and 
micro- CT scanning.

5. Several 3D- printing methods to improve the radiopacity of devices are explained. Further, 
the combination of 3D- printed metal oxide composite and sintering method to generate bone 
implants are thoroughly covered.

6. A few research works have been performed on the 4D printing of metal oxide composites. 
Hence, this area needs to be investigated taking the utilities of metal oxide composites.
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25.1  SYNTHESIS AND STRUCTURE OF MXENE MATERIALS

MXenes with 2D structures are typically synthesized through selective removal of ‘A’ layers from 
their parent MAX phase using etching solutions such as hydrofluoric acid (HF). The precursor MAX 
phases are ternary carbides and nitrides with laminated hexagonal structures, with the general for-
mula M

n+ 1
AX

n
 (n =  1 to 3). “M” is typically an early transition metal (e.g., Sc, Ti, V), ‘A’ denotes 

an A- group element (e.g., Al, Si, P) and ‘X’ is either C and/ or N [1], [2] (Figure 25.1a). By using 
strong etching solutions such as HF and ammonium bifluoride (NH

4
HF

2
), elements in the ‘A’ layers 

are replaced by surface termination groups such as fluorine (- F) and hydroxyl (- OH), forming 2D 
multi- layered MXenes with the general formula of M

n+ 1
 X

n
T

x
 (n =  1 to 4) where the ‘T’ is the surface 

termination group are produced [3] (Figure 25.1b). The multi- layered MXenes are held together by 
van der Waals attraction or hydrogen bonds which can be broken through delamination or exfoli-
ation, to physically separate the MXene sheets into a monolayer of MXene. (Figure 25.1b) [4]. 
Synthesis MXene from non- MAX phases is also used sometimes [5] and one type is Mo

2
CT

x
, which 

was prepared from a non- MAX phase of Mo
x
Ga

2
C.

MXenes have a large assortment of alloy compositions as the MAX phases can be comprised of  
a wide variety of different ‘M’, ‘A’ and ‘X’ atom combinations. Despite this, few of them, however,  
are stable. The first MXene, Ti

3
C

2
, was synthesized in 2011 by etching the Ti

3
AlC

2
 MAX phase  

in concentrated HF. Etching conditions (e.g., time and acid concentration) depend largely on the  
characteristics of MAX phases such as structure and chemistry, with MXenes carrying larger n  

 

 

 

 

 

 

 

  

 

 

 

 
newgenprepdf

http://dx.doi.org/10.1201/9781003296676-25


384 3D Printing: Fundamentals to Emerging Applications

values requiring more severe etching conditions [6]. As the use of HF is detrimental to the environ-
ment, several ‘cleaner’ alternative synthesis methods were reported including alkali etching [7],  
electrochemical etching [8], and water- free etching [9]. Etching by strong alkali treatment is suitable  
in the case of MAX phases with basic/ amphoteric ‘A’ layers (e.g., S in Zr

2
SC), in which ‘A’ atoms in  

the precursor MAX phases are oxidized and dissolved in high- concentration NaOH at high tempera-
ture, resulting in 2D multi- layered MXenes. Electrochemical etching involves the selective removal  
of ‘A” ’layers at a certain electrical voltage using a MAX phase electrode in electrolytes such as  
hydrochloric acid (HCl). Water- free etching of MXenes was achieved using a mixture of ammonium  
dihydrogen fluoride and a polar solvent. This method allows the use of MXene materials in water-  
sensitive applications, for example, structural polymer composite materials, energy conversion, and  
some biomedical devices. The properties of MXenes vary greatly depending on the synthesis way  
and processing conditions, and thus, a deeper understanding of the synthesis of MXene materials is  
desired to advance the field.

Another crucial step in MXene synthesis is the exfoliation of multi- layered MXenes. The exfoli-
ation process of MXene is different and more complex as compared to other 2D structure materials  
like graphene and phosphorene, mainly because the interleaved ‘A’ atoms in MXense bind each  
layer via M– A metallic bonds which are stronger than van der Waals interaction in the other 2D-  
structure materials. To date, two well- established approaches are commonly used for the exfoliation  
of MXenes: (1) mechanical exfoliation and (2) chemical exfoliation. The mechanical exfoliation of  
multi- layered MXenes is achieved through the adhesive tape method, where MXenes 2D flakes are  
physically removed using adhesive tape [10]. This approach, however, can only be used when the  

FIGURE 25.1 Synthesis and structure of MXene materials. (a) Periodic table of the elements showing 
compositions of MXene materials. (b) Illustration of MXene synthesis from their MAX phases.
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M- A bonds in the precursor MAX phases are relatively weak. For the chemical exfoliation process,  
interactions between the individual MXene layers are suppressed by the chemical intercalation of  
organic molecules into MXenes such as tetrabutylammonium hydroxide (TBAOH) and dimethyl  
sulfoxide (DMSO). Chemical exfoliation is the most widely used to obtain MXenes from MAX  
phases due to its high exfoliation efficiency [11]. Electrochemical exfoliation is also used occasion-
ally by applying electrochemical potentials to intercalate ions into interlayers of the bulk material,  
resulting in the weakening of interactions between the layers [12].

A high- throughput screening method for the identification of possible MXene candidates was 
introduced to identify MXene alloy compositions that have the lowest formation energy [13]. In 
the high- throughput screening method, a multiscale computational model is used to compute the 
relative stability of different possible MXene alloy configurations. The thermodynamic stability 
of different MXene alloy configurations is computed based on their structural arrangements and 
compositions, which can be used to guide the synthesis of MXene alloys. To date, at least 80 ternary 
MAX phases have been discovered experimentally, 20 of which have been successfully etched into 
2D MXene sheets [14]. It should be noted that most of them were synthesized by etching the Al 
layer of the MAX phases. Typical examples of synthesized MXenes are shown in Table 25.1. In gen-
eral, MXenes can be classified into three major structures: (1) mono- M elements (M

2
X), (2) solid 

solutions (M
3
X

2
), and (3) ordered double- M elements [15]. Mono- M element MXenes contain only 

one kind of transition metal such as Sc
2
C and Ti

2
C, while MXene solid solutions are comprised of 

two kinds of transition metals in the M layers, like (Ti,V)
3
C

2
 and (Cr,V)

3
C

2
. In the case of ordered 

double- M element MXenes, single or bilayers transition metal are sandwiched between the other 
transition metal type such as Mo

2
TiC

2
 and Mo

2
Ti

2
C

3
. The MXene structure can be observed experi-

mentally using atomic- resolution scanning transmission electron microscopy (STEM) and electron 
energy- loss spectroscopy (EELS).

25.2  UNIQUE CHARACTERISTICS OF MXENES FOR BIOMEDICAL 
APPLICATIONS

Biomedical applications such as tissue engineering and drug delivery require particular material 
properties such as hydrophilicity, biocompatibility, electrical properties, and mechanical properties. 
The unique 2D layered structure of MXenes and their excellent mechanical performance, easy sur-
face chemical modification, and multifunction including electrical, optical, and magnetic properties 
make Mxenes the ideal candidates for biomedical applications [16].

TABLE 25.1
Examples of Experimentally Synthesized MXenes, Classified Based on Structure Type

MXene Structure Type

M2X M3X2 M4X3

Ti
2
C

V
2
C

Nb
2
C

Mo
2
C

Ti
2
N

V
2
N

Mo
2
N

(V
1- x

Ti
x
)

2
C

(Ti
0.5

Nb
0.5

)
2
C

Ti
3
C

2

Zr
3
C

2

Hf
3
C

2

Mn
3
N

2

Ti
3
CN

Mo
2
TiC

2

Cr
2
TiC

2

Mo
2
ScC

2

(V
0.5

Cr
0.5

)
3
C

2

V
4
C

3

Nb
4
C

3

Ta
4
C

3

Ti
4
N

3

(Nb
0.8

Ti
0.2

)
4
C

3

(Nb
0.8

Zr
0.2

)
4
C

3

Mo
2
Ti

2
C

3

 

 

 

 

 

 

 

 

 



386 3D Printing: Fundamentals to Emerging Applications

A typical MXene structure is shown schematically in Figure 25.1b, where the layered structures 
make MXenes an important family in 2D materials. Some of the layers of MXenes are stacked 
together through Van der Waals forces and hydrogen bonds, which can be separated through the 
chemical stabilization of individual layers in solution or printing ink. The unique layered structure 
of MXenes provides a large specific surface area and numerous anchorage sites for drug molecules, 
which improves drug loading, sustained release, and stability of MXene. Unlike another important 
2D material, graphene, which has only the π- π interaction, MXenes have many different functional 
groups such as −H, −OH, −F on the surface, which can graft with various functional groups [17]. 
Performance characteristics of MXenes such as mechanical stability, electrical properties, and 
functions can be further enhanced by surface modification of MXenes, providing a good strategy for 
MXenes in biomedicine applications. Typically, the surface of MXenes can be modified with func-
tional small molecules, polymers, and inorganic particles. Various small molecules MXene surface 
modifications have been reported to improve the performance and process of MXenes. Successful 
examples include the surface modification with hexaethylene glycol monododecyl ether (C

12
E

6
) 

and diazonium salts. The composites of C
12

E
6
@Ti

3
C

2
 showed increased molecular interactions of 

MXene nanosheets, which can function as a non- ionic surfactant. Diazonium ions were used for the 
in situ modification of the Ti

3
C

2
 surface to improve its electrical properties [18]. Other molecules 

such as bismuth ferrite [19], sodium aluminum hydride [20], and (3- Aminopropyl)tiethoxysilane 
[21] have been applied to add functional groups on the MXene’s surface as a platform to immobilize 
different biomolecules.

The surface modification of MXene with polyethylene glycol (PEG) had showed excellent sta-
bility and biocompatibility, and great application potential in fields such as biomedicine to target 
tumor accumulation [22], [23]. The self- initiated photographing- photopolymerization (SIPGP) of 
(dimethylamino)ethyl methacrylate (DMAEMA) to the surface of MXenes gave a CO

2
 and tempera-

ture dual responsible smart MXene system for biological application [24]. The surface of MXene 
can also be modified with inorganic nanomaterials to obtain multifunctional nanocomposites to open 
new opportunities for biomedical applications. M

n
O

x
 nanoparticles have been grown on the surface 

of the Ti
3
C

2
 MXene through a ‘redox- induced growth’ method [25]. The resulting nanocomposites 

showed unique T1- weighted MRI capabilities and effective ablation of the tumor [25]. The 
nanocomposite of polyoxometalates (POMs)/ Ti

3
C

2
 MXenes showed high biocompatibility and high 

photothermal ablation performance for cancer cells [26]. While the combination of mesoporous 
silica nanoparticles (mMSNs) with MXenes allows the development of an efficient drug delivery 
platform. The mMSN/ Ti

3
C

2
 composites prepared by using the nanopore engineering strategy exhibit 

enhanced dispersibility and biocompatibility, together with multiple surface chemistry for targeted 
modification (RGD coupling) [27]. While mMSN/ Nb

2
C composites prepared by using the sol- 

gel technique showed a reduction in the overexpressed integrin α
v
β

3
 on the cancer cell membrane 

through RGD coupling and selective identification. Furthermore, the high photothermal conversion 
efficiency of Nb

2
C gave the resulting nanocomposites a stronger therapeutic effect on brain cancer 

cells at both the intracellular and subcutaneous levels [28]. Direct growth of metal nanoparticles 
on the surface provides another approach to surface modification of MXenes. Gold nanoparticles’ 
growth on the surface of Ti

3
C

2
 MXene showed powerful PTT under the NIR- I and NIR- II biological 

windows [29] while the silver particles modified MXenes showed fast and effective light- triggered 
therapy function [30].

The hydrophilic behavior of MXenes offers the possibility for surface functionalization and anti-
bacterial characteristics, which is highly desired in the development and fabrication of medical 
devices. Additionally, hydrophilic MXenes are a promising candidate for targeted delivery systems, 
owing to a combination of high hydrophilicity and the large surface area which grants the MXenes 
drug- loading capacities. The biocompatibility of MXene is greatly dependent on its size and surface 
properties. Some Ti- based MXenes like Ti

3
AlC

2
 were reported to be biocompatible [16], however 

apart from the latter, there are very limited studies reporting the biocompatibility of MXenes to date.
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Electrical properties of MXenes are probably the most studied characteristic because all bare 
MXenes monolayers are metallic, while the surface groups such as OH and F tune the metal- 
semiconductors transition. The electrical conductivity of MXene is also affected by its elemental 
compositions, structures, and surface termination groups. Due to the existence of transition metal 
carbide/ nitride and surface termination groups, MXenes generally exhibit high metallic conduct-
ivity. The electron mobilities achieved by MXenes can reach as high as ~106 cm2 V- 1 s- 1, which 
is greater compared to that of other 2D structure materials like graphene (~105 cm2 V- 1 s- 1) [14]. 
MXenes also exhibit good mechanical properties with moduli of up to ∼300 GPa, which is sufficient 
to meet the reliability requirements of conventional biomedical products [31]. The mechanical prop-
erties of MXenes are mainly based on the mass of the transition metal and the surface termination 
groups [32]. In addition, MXene nanosheets inherently possess excellent photothermal converting 
properties that can be further developed as photothermal nanoagents for cancer hyperthermia when 
exposed to external near- infrared (NIR) laser irradiation. In recent years, MXenes have been applied 
as agents for photo- thermal therapy (PTT), as a bioimaging technology, for drug delivery, and as an 
antibacterial substance and electro- conductive base in biomaterial applications.

25.3  3D- PRINTING TECHNIQUES OF MXENES IN BIOMEDICAL 
APPLICATIONS

3D- printing technologies (also known as Additive Manufacturing (AM)) allow people to design 
and fabricate parts with complex shapes and features unachievable using traditional manufacturing 
methods such as molding and machining. 3D printing is particularly promising in biomedical 
applications where parts or products are highly complex and require a high degree of customiza-
tion and personalization. Currently, there is a broad range of materials used for 3D printing such 
as metals, ceramics, and polymers, with 2D materials being among its latest and most promising 
additions [33], [34]. The 3D printing of 2D materials offers high design flexibility at low costs while, 
at the same time, retaining the 2D materials’ intrinsic properties. Compared to 2D inks, 3D printing 
inks usually require mechanically self- supporting when depositing onto a substrate. To date, the 3D 
printing of several 2D materials, including graphene, MXenes, transition- metal dichalcogenides 
(TMDs), and black phosphorus (BP) has been explored. Among these 2D materials, MXenes are one 
of the most extensively used. The most common printing techniques in the 3D printing of MXenes 
for biomedical applications include (1) 3D extrusion- based printing, (2) 3D inkjet printing, and 
(3) 3D screen printing (Figure 25.2). The inks for 3D printing are composed of the active component 
(or pigment), a solvent, and an ink binder. Solvent helps to improve the homogeneity of the mixture 
while the binder is used to ensure cohesion between particles and to tune the viscosity of the ink 
[14]. A typical component of MXene inks is as follows: 12– 20 wt% active component, 20– 30 wt% 
solvent, 45– 65 wt% binders, and 1– 5 wt% additives [35]. Examples of solvents for MXenes include 
water, isopropyl alcohol (IPA), and ethyl alcohol, while the binder is generally a polymer. In some 
cases where ink viscosity is not critical, binders and additives can be removed from the MXene 
inks [36].

3D extrusion- based printing operates based on the use of pneumatic air pressure or mechanical 
screw systems to extrude the materials/ filaments via a nozzle to build an object layer- by- layer.  
There are two main types of extrusion- based printing technologies: (1) direct ink writing (DIW)  
and (2) fused deposition modeling (FDM). Extrusion- based printing of 2D materials like MXenes  
uses mainly the DIW technique while FDM is limited to thermoplastic polymers such as acrylo-
nitrile butadiene styrene (ABS). During the DIW printing process, colloidal inks are extruded in a  
layer- based fashion onto a substrate through a nozzle to construct objects. The rheological behavior  
of the MXene inks play a very crucial role in the printing process. In most cases, additives such as  
secondary solvents and/ or surfactants are added to tune the rheological behaviors of the ink to facili-
tate DIW. The extruded colloidal ink solidifies instantaneously, making DIW an extremely fast and  
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convenient prototyping tool [34]. Extrusion- based printing of MXenes is thus commonly used to  
manufacture printed flexible devices, health monitoring sensors, and implantable medical devices  
[37], [38].

3D inkjet printing is another major technique used for printing MXenes. Unlike traditional 2D 
inkjet printing, 3D inkjet printing constructs a 3D structure consisting of multiple printed layers. 
The advantages of inkjet printing include high precision, low cost, and the ability to print multi- 
materials. 3D inkjet printing is a non- contact printing approach that is ideal for biomedical immobil-
ization because cross- contamination with the surface being printed on can be avoided. In the inkjet 
printing process, ink droplets are deposited in rapid succession onto the substrate to manufacture 
designed 3D objects. Two main droplet jetting mechanisms are used: continuous inkjet (CIJ) and 
drop- on- demand inkjet (DOD). The CIJ printer creates a stream of ink droplets out of an ink res-
ervoir while the DOD printer produces droplets only when and where they are needed [39]. One 
limitation of inkjet printing is that the inkjet- printed structure usually lacks structural integrity and 
stiffness. The print quality of any inkjet printing process mainly depends on both the viscosity and 
interfacial surface tension of the ink. A fluid parameter known as the Ohnesorge number (Oh), is 
used to monitor drop formation in the inkjet printing process. The Oh indicates the tendency for a 
droplet formation to either stay together or disperse during its descent, by comparing viscous forces 
to surface tension forces. The Jetting of droplets without satellite droplets is possible if Oh is in 
the range of 0.1 to 1. There are several reported works on Ti

3
C

2
T

x
 MXene- based inkjet inks [40]. 

Although inkjet printing of MXenes is mainly used for energy storage and harvesting applications, 
it could also be applied in biomedicine such as smart bioelectronics devices, where easy- to- integrate 
components are preferred.

3D screen printing is a high- throughput, mature printing method where a mesh (e.g., metal 
thread, synthetic fiber, or fabric) is used to transfer ink onto a substrate, except in areas made imper-
meable to the ink by a screen stencil. The 3D screen printing process can be considered as repeated 
traditional 2D screen printing to manufacture 3D objects through a layer- by- layer building in the 
z- axis direction. During the 3D screen printing process, the screen stencil is placed on top of the 
substrate, and the ink is poured on one end of the screen stencil. After that, the ink is scraped across 

FIGURE 25.2 Illustration of 3D MXene ink printing: Extrusion- based printing, inkjet printing, and screen 
printing.
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the screen stencil with the aid of a squeegee. Subsequently, the ink dries and forms a single layer 
of the previously printed structure. The process is then repeated until the construction of the entire 
object consisting of many screen- printed layers is complete [41]. After printing, the screen stencil is 
removed, and the solvent in the ink is volatilized [42]. Viscosity plays an important role in the screen 
printing process –  the inks should be viscous (between 1000 and 10,000 mPa s) and lose their vis-
cosity if stress is applied. Using screen- printing MXene inks, various flexible devices such as wear-
able sensors can be fabricated for biomedical applications [4]. 3D inkjet printing is also possible for 
large- scale manufacturing [43].

Table 25.2 summarizes the major characteristics of each printing technology for MXene printing. 
Although significant progress in 3D printing of MXenes has been made in recent years, several key 
challenges need to solve: (1) The intrinsic properties of 2D Mxenes materials may be lost during 
the 3D- printing process, (2) it is difficult to balance the trade- off between rheological properties of 
MXene inks and other properties such as surface tension or dispersity.

25.4  BIOMEDICAL APPLICATIONS OF 3D- PRINTED MXENES

To date, MXenes have been utilized in a wide variety of fields, from optical to energy storage, 
electronics, and catalysis, with environmental, structural, and biomedical applications on the rise 
[44]. Specifically, MXenes play a crucial role in diagnostics, therapeutics, theranostics, biosensors, 
antimicrobials, tissue engineering, and regenerative medicine owing to their unique 2D layered 
structure and outstanding chemical and physical properties, such as biocompatibility, large surface 
area, mechanical flexibility, antibacterial activity, electrical conductivity and light- to- heat conver-
sion performance as discussed above [45]– [47].

The unique and tunable properties of 2D MXenes combined with 3D printing have helped to 
advance developments in all the aforementioned fields. AM techniques such as DIW, inkjet printing, 
and stereolithography (SLA) have been successfully used to fabricate 3D MXene structures, thus 
granting the MXenes a whole new level of versatility. For instance, the 3D printing of MXenes 
enables the manufacturing of highly customized biomedical devices with complex geometries that 
is unachievable by traditional manufacturing methods, together with fringe benefits such as design 
freedom and flexibility, manufacturing on demand, and optimized material usage [33], [47]. Despite 
these advantages, 3D- printing MXene- based materials are a relatively unexplored field, much unlike 
its 2D counterpart [46]. In the following paragraphs, we aim to shed light on some of the most 
recent and impactful advancements in 3DP MXenes for biomedical applications. A summary of 
these advancements is recorded in Figure 25.3 and Table 25.3.

25.4.1  sensors

Apart from the well- established advantages of MXenes over other two- dimensional materials, they 
are also known to have exceptional electrochemical properties [61], which allow using them as active 
sensing elements or a supporting substrate in MXene- based sensors in biomedical applications. 
Overall, the MXene- based sensors can roughly be classified into three major groups, namely, chem-
ical, physical, and biosensors [33].

25.4.1.1  Biosensors
Biosensors are used to detect target molecules within a living system and mainly consist of (i) a 
sensing element (an immobilized biomolecule, for instance) that identifies its complementary analyte; 
(ii) a transducer that transforms the biochemical signal to other signal types such as optical and elec-
trical signals, and (iii) a data interpretation unit [45]. Other than the benefits listed above, MXenes 
also possess a large number of surface functional groups, allowing for spontaneous interactions 
with other ions and molecules [47], making them suitable candidate materials for the fabrication of 
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TABLE 25.2
Typical Compositions, Viscosity Properties, Resolution, Speed, Setup, and Example Biomedical Applications of MXene Inks for Each 3D 
Printing Technology

3D Printing Techniques

Ink Composition (wt%)

Pigment Solvent Binder Additive
Example 
MXene Inks

Viscosity   
(mPa s) Resolution (μm) Speed Setup Cost

Extrusion- based printing 10– 15 25– 35 1,000– 10,000 1– 5 Ti
3
C

2
T

x
1,000– 10,000 50– 200 Average Average

Inkjet printing 5– 10 65– 95 4– 30 1– 5 Ti
3
C

2
T

x
4– 30 20– 100 Low High

Screen printing 12– 20 20– 30 1,000– 10,000 1– 5 Ti
3
C

2
Tx 1,000– 10,000 30– 100 High Average

Source:  Adapted and modified with permission [33]. Copyright Gómez et al., some rights reserved; exclusive licensee MDPI. Distributed under a Creative Commons Attribution License 
4.0 (CC BY).
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3913D-Printed MXenes for Biomedical Applications

FIGURE 25.3 Summary of currently explored application fields for 3DP Mxenes.

TABLE 25.3
Mxene Ink Composition, 3D Printing Technique, and Their Respective Potential 
Applications in the Field of Physical Sensors, Tissue Engineering, and Regenerative 
Medicine

Ink Composition
Fabrication 
Method Demonstrated/ Potential Application Reference

Physical Sensors

Ti
3
C

2
T

x

nanosheets in Di water
3D extrusion 

printing
Smart electronics, sensors, electromagnetic 

shielding, antennas and other applications.
[48], [49]

Ti
3
C

2
T

x

nanosheets in Di water
3D extrusion 

printing
Electronic devices, electromagnetic shielding, 

sensors, antennas, and biomedical 
applications.

[50]

TEMPO (2,2,6,6- 
tetramethylpiperidine- 1- 
oxylradical)- mediated oxidized 
cellulose nanofibrils (TOCNFs)/ 

Ti
3
C

2
 MXene hybrid inks

3D extrusion 
printing

Wearable heating textiles, human health 
monitoring, and human– machine interfaces

[51]

Ti
3
C

2
T

x

nanosheets in Di water
3D freeze- Printing Flexible electronics, sensors, energy storage 

and pressure sensors
[12]

N- Ti
3
C

2
T

x
 ink (made of CNTs and 

MXene) in water
3D extrusion 

printing
Energy storage devices [52]

NCPM/ CNT ink(NiCoP/ MXene+ 
CNT)

3D freeze- Printing High- energy- density energy storage systems. [53]

Crumpled MXene with AC, CNT, 
and GO

3D extrusion 
printing

Energy storage systems [54]

(continued)
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direct electrochemical biosensors [46]. Thus far, the research done on MXenes in this field focuses 
primarily on the 2D MXenes’ role in formulations used for 2D inkjet and screen printing or the 
fabrication of (synthesis) composite biomaterials that have been successfully used to detect and 
monitor electrical and optical signals. Examples of electrical biosensing analytes include proteins, 
amino acids, RNA, and more commonly, Hydrogen Peroxide and Glucose, all of which are used for 
the early diagnosis of diseases [45]. Optical signal applications can be further classified into two 
groups based on the principle of illumination, which is electrochemiluminescence (ECL) and sur-
face plasmon resonance (SPR). Both groups are used to detect biological analytes such as enzymes, 
DNA, and proteins for clinical diagnosis which are pertinent research tools for pharmaceuticals and 
life science [45]. Despite the potential of MXenes in developing extremely robust biosensing tech-
nologies, there are currently no reports on research being carried out to incorporate 2D MXenes into 
AM in the field. This could be due to the challenges faced in creating a reliable MXene- biological 
analyte resin/ bioink formulation in addition to restrictions presented by 3D- printing techniques. 
However, with research advancements in MXene development and AM technologies progressing at 
a fast pace, opportunities to develop 3D- printed MXene- based biosensors are expected to be on the 
rise in the near future.

25.4.1.2  Physical Sensors
Apart from biomolecules, pressure and tensional forces could also induce changes in electrical 
signals output by MXenes as a result of their excellent mechanical and electrical properties. Taking 
advantage of this fact, MXene- based wearable sensors that detect changes in pressure, strain, 
humidity, or pH can be designed to monitor physiological signals from human activity, making them 
suitable for personal health monitoring and clinical diagnosis [45], [62]. This is especially the case 
when they are integrated into the prospective body skin textile substrates, which are an attempt at 
seamless integration of sensors into clothing. Though numerous developments of wearable MXene 

Ink Composition
Fabrication 
Method Demonstrated/ Potential Application Reference

Tissue Engineering and Regenerative Medicine
MXene in Di water Aerosol jet 3D 

printing
Cardiac tissue engineering applications [55]

MXene nanosheets, hyaluronic acid, 
alginate

3D extrusion 
printing

Neural tissue engineering and other biomedical 
applications

[56]

GelMA, TCP, sodium alginate and 
MXene

3D extrusion 
printing

Bone regeneration and other biomedical 
applications

[57]

GelMA/ MXene with and without 
C2C12 cells

3D extrusion 
printing

tissue engineering applications, specifically as 
biocompatible and biomimetic bioinks with 
enhanced printability and conductivity.

[58]

MXene,Hydroxyapatite, Sodium 
Alginate

3D extrusion 
printing

Bone regeneration and other biomedical 
applications

[59]

MXene, collagen,silk fibroin, 
hydroxyapatite

3D extrusion 
printing

Bone regeneration and multifunctional 
treatment of maxillofacial tumours

[60]

Note:  CNT, carbon nanotubes; NCPM, NiCoP/ MXene; NiCoP, nickel cobalt phosphate; AC, activated carbon; GO, 
graphene oxide; GelMA, gelatin methacrylate; TCP, beta- tricalcium phosphate.

TABLE 25.3 (Continued)
Mxene Ink Composition, 3D Printing Technique, and Their Respective Potential 
Applications in the Field of Physical Sensors, Tissue Engineering, and Regenerative 
Medicine
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sensors have been reported [63], work on 3D- printed MXenes- based wearable sensors is promising 
but limited. Notably, Cao et al. reported the successful fabrication of 3D- printed multifunctional 
flexible smart textiles and fibers using extrusion- based AM at room temperature. MXene Ti

3
C

2
 

nanosheets were fabricated, mixed with TEMPO (2,2,6,6- tetramethylpiperidine- 1- oxylradi- cal)- 
mediated oxidized cellulose nanofibrils (TOCNFs) to form hybrid inks, 3D printed and immersed 
in an ethanol coagulation bath. The developed MXene- based inks exhibited astounding rheological 
characteristics, allowing the rapid fabrication of dimensionally precise structures. It is also worth 
noting that the 3D- printed TOCNFs@Ti

3
C

2
 smart fibers demonstrated excellent responsiveness to 

external electrical, mechanical, and photonic stimuli as compared to traditional synthetic fibers, thus 
allowing them to be processed into highly sensitive strain sensors. These smart fibers and textiles are 
promising in a multitude of biomedical applications such as next- generation healthcare electronics 
that include wearable heating and sensing systems and human health monitoring [4], [51], [64].

Next- generation physical sensors incorporated into wearable electronics for biomedical  
applications are expected to be wireless and powered by reliable energy storage devices that can  
produce large and prolonged energy output with good energy densities [65]. The success of this  
would be indirectly dependent on capacitors and their energy density and storage capability. With  
potential applications of 3D- printed MXenes targeted towards the development of such high-  
powered sensors, constant work is being done to develop energy storage devices that can deliver  
high energy density and power within a limited carbon footprint area [12], [48]– [50], [52], [54].  
For example, Orangi et al. reported on the development of 3D- printed MXene- based micro- super  
capacitors with ultra- high energy densities. Water- based Ti

3
C

2
T

x
 MXene ink with compatible rheo-

logical properties for extrusion- based 3D printing was fabricated without the addition of additives  
or high- temperature drying. The MXene ink was then printed using a pneumatic fluid dispenser  
with a print head speed of approximately 4 psi and 3 mm/ s, respectively. Their results showed that  
outstanding areal capacities could be achieved by increasing the number of deposition layers and  
electrode height of the prints. The maximum energy density reported was significantly higher than  
previously reported MXene- based energy storage devices. Additionally, the orientations of MXene  
flakes can be controlled by modifying ink characteristics and printing parameters in extrusion- based  
3D printing (Figure 25.4a). With this, 3D- printed nanosheets can be stacked and aligned horizon-
tally (Figure 25.4c– d). Flexion tests involving MSCs resulted in no signs of cracks or detachment  
from the substrate, making them suitable for use in flexible electronics (Figure 25.4b). More DIW-  
based printing has been developed to improve the electrical properties of MXene- based physical  
sensors and biomedical devices [50], [66]. Zhang et al. formulated and incorporated Ti

3
C

2
T

x
 MXene  

inks (Figure 25.4e) into Micro- Supercapacitors (MSC), conductive tracks, and ohmic resistors  
(Figure 25.4f) through DIW. Scanning electron microscopy images of the 3D- printed MXene- based  
structures displayed interconnected, stacked MXene nanosheets creating a continuous film, with a  
line gap ~120 um between two paths (Figure 25.4g– h). Additional conductive agents and current  
collectors were unnecessary due to the metallic conductivity achieved through compacted printed  
lines (Figure 25.4i). Furthermore, the printouts displayed strong adhesion between stacked MXene  
sheets through hydrogen bonding, thus eliminating the need for polymeric binders (Figure 25.4i).  
The authors reported that increases in energy density and volumetric capacitance could be achieved  
by synergizing the pseudocapacitive behavior and high electrical conductivity of MXenes with the  
high printing resolution and spatial uniformity that DIW offers. As a result, MSCs developed using  
this technique were reported to have astounding electrochemical performance, including volumetric  
capacitance of up to 562 F/ cm3 and energy densities as high as 0.32 μWh/ cm2. These developments  
look extremely promising and can likely be applied to biomedical smart electronics and sensors  
[47], [49], [66]. Using a different approach, a straightforward 3D Freeze Printing (3DFP) approach  
developed by combining inkjet- based 3D printing and unidirectional freeze casting was used to  
fabricate macroscopic porous aerogels with vertically aligned Ti

3
C

2
T

x
 nanosheets. It was found that  

ink concentration could be tuned to control the gels’ mechanical properties. The 3DFP aerogels  
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were also found to demonstrate structural resilience and stable electrical conductivity during  
repeated compression cycles, with the ability to withstand nearly 50% compression before recovery.  
Furthermore, rate capability and capacitive responses were improved with all- MXene- based MSCs,  
reaffirming the importance of microstructure engineering and its effect on electrochemical perform-
ance [12]. The demonstration of success with 3DFP MXene- based devices paves the way for the  
research community to develop flexible electronics and physical sensors for various applications,  
particularly those used in the biomedical field.

25.4.2  tissue engineering and regeneratiVe Medicine

Regenerative medicine is defined as a process of replacing, regenerating, or engineering human 
tissues, cells, or organs to establish or restore normal function. It is a diverse, interdisciplinary 
field that includes nanotechnology, biomaterials, gene therapy, and tissue engineering. Research 
endeavors in this field are mainly focused on developing strategies and therapies that mimic the 
healing mechanisms present in the human body [67].

Besides possessing unique physiochemical properties, 2D MXenes’ excellent surface function-
ality, photothermal properties, mechanical plasticity and resistance, biocompatibility and biodegrad-
ability make them an exciting prospect in tissue engineering and regenerative medicine. Numerous 
studies have been done on 2D MXenes in relation to tissue engineering and regenerative medicine 

FIGURE 25.4 3D Printed MXene structures for physical sensors. (a) MXene ink printable mechanism 
for extrusion- based 3D printing. (b) Flexibility testing of printed MSCs demonstrates excellent adhesion of 
printouts to a substrate during repetitious twisting and bending. (c) A cross- sectional SEM image of MSC 
displays MXene flakes stacked compactly with horizontal alignment. (d) Top- view SEM of MSC device printed 
on polymer substrate. Figures 25.4a– d are adapted with permission [50]. Copyright Orangi et al., some rights 
reserved; exclusive licensee American Chemical Society. Distributed under a Creative Commons Attribution 
License 4.0 (CC BY). (e) Optical image of MXene aqueous ink, showing its viscous nature, used for 3D 
extrusion- based printing. (f) Optical images of 3D printed MXene patterns. (g) SEM low magnification image 
of 3D printed MXene utilized as MSCs. Scale bar =  200 μm. (h) SEM high magnification image of MXene 
MSC for the framed area in (g), displaying interconnected, stacked MXene nanosheets forming a continuous 
film. Scale bar =  500 nm. (i) 3D extrusion printed tandem devices on a paper substrate, comprising of two serial 
MSCs and two parallel MSCs show good flexibility when printed. Figures 4e– i are adapted with permission 
[36]. Copyright Zhang et al., some rights reserved; exclusive licensee Springer Nature. Distributed under a 
Creative Commons Attribution License 4.0 (CC BY).
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[33], [38], [68], specifically, the integration of 2D MXenes into 3D- printed Bioactive Glass (BG) 
scaffolds through surface dip- coating takes advantage of their photothermal properties for photo-
therapy [68]– [71]. With MXenes being one of the emerging nanomaterials in the biomedical field, 
3D- printed MXenes for tissue engineering and regenerative medicine have recently started to gain 
traction as well.

In recent years, 3D- printed MXenes have been developed to aid in bone regeneration by 
improving the poor- self healing capability of bone defects above a critical size. In a recent study, 
Nie et al. reported successful 3D printing of a composite hydrogel scaffold composed of MXene, 
GelMA, β- TCP, and sodium alginate (Sr2+ ). Synthesized MXene- composite bioinks comprising 
different MXene concentrations of 0.1 mg/ ml, 0.3 mg/ ml or 0.5 mg/ ml were printed at 20oC using 
an extrusion- based bioprinter through a 200 µm diameter nozzle. In vitro testing conducted with 
rat bone marrow mesenchymal stem cells and in vivo testing with rats concluded that the material’s 
photothermal antibacterial properties towards both gram (+ ) and gram (- ) bacteria and bone tissue 
regeneration functions allow playing a synergistic role in antibacterial and osteogenic effects to 
treat infected mandibular defects. These findings not only provide an effective strategy for the 
individualized treatment of infected bone defects but also broadens the field of application for 2D 
MXenes in biomedicine [57]. In another study, Xue et al. evaluated the MXenes’ potential for bone 
regeneration applications by fabricating MXene composite scaffolds using extrusion- based 3D 
printing. Ti

3
C

2
 MXenes were synthesized and mixed with hydroxyapatite (HA) and sodium alginate 

(SA) to form a homogeneous MXene/ HA/ SA bioink. Printed samples were then crosslinked by 
soaking in 5 wt% CaCl

2
 solutions for 30 minutes. 3D printouts showed that greater MXene concen-

tration resulted in a darker colored scaffold (Figure 25.5a). In vitro cellular experiments and in- vivo 
animal testing confirmed cell proliferation and differentiation, owing to the scaffold’s excellent bio-
compatibility and its ability to enhance bone regeneration of calvarial bone defects. Promotion of 
osteogenic differentiation with MXene- based scaffolds was confirmed through an increase Alazarin 
Red (AR) staining (Figure 25.5b) as compared to that of control and HA/ SA scaffolds. These results 
demonstrated the MXene- composite 3D- printed scaffolds’ osteoinductivity and their desirability for 
bone regeneration and reconstruction [58], [59].

With a different approach, Li et al. used extrusion- based 3D printing followed by freeze drying 
to fabricate scaffolds for maxillofacial bone regeneration. Collagen, silk fibroin, and hydroxyapatite 
were mixed to form a homogeneous solution before the addition of MXenes in various concentrations 
(0.4, 0.8, 1.2, and 1.6 mg/ g). Thereafter, the mixture was used to print grid- shaped scaffolds. Post- 
processing involved vacuum freeze drying of the scaffolds for eight hours to achieve a stable 3D 
printed structure. SEM imaging of MXene composite scaffolds displayed cubic structures with 
regular microporous structures (Figure 25.5c– d). The MXene composite scaffolds were found to 
present excellent photothermal performance which could be controlled using near- infrared (NIR) 
radiation. SEM analysis (Figure 25.5e and f) and Phalloidine/ DAPI staining results (Figure 25.5g 
and h) showed that the CAL27 cell population was significantly reduced after laser treatment and 
residual cells had irregular morphology and few pseudopods. Live/ dead staining (Figure 25.5i– j) also 
showed red fluorescence after laser treatment, indicating that most of the CAL27 cells were killed. 
In addition, the printed scaffolds showed successful adhesion and proliferation of mouse embryonic 
osteogenic precursor cells (MC3T3- E1). Cellular experiments also established the killing efficiency 
of squamous cell carcinoma cells (CAL- 27) and inhibition of tumor growth in- vivo. Furthermore, 
the scaffolds were also able to induce MC3T3- E1 protein expression in- vitro and stimulate maxillo-
facial bone formation in- vivo. Overall, this study provides a promising clinical therapy strategy for 
maxillofacial bone repair [60].

Novel well- characterized MXene- based bioinks were also developed to address the growing need  
for customizable conductive bioinks for the 3D bioprinting of specific tissue types. Boularaoui et al.  
fabricated hydrogels comprising gelatin methacryloyl (GelMA) with either Gold Nanoparticles  
(GNR) or 2D MXene nanosheets by 3D extrusion- based bioprinting. GNRs and 2D MXenes were  
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added to GelMA to improve the bioink’s printability and conductivity. Specifically, for GelMA/  
MXene hydrogel samples, 2% of GelMA was mixed with various MXene concentrations (0.05, 0.1,  
0.5, 1, and 3 mg/ mL) to test its effects on printability, conductivity, rheological characteristics, mech-
anical properties, and biocompatibility. Bioink containing 0.1 and 0.5 mg/ ml of MXene was also  
mixed with skeletal muscle cells C2C12 and subsequently, 3D printed. As compared to pure GelMA  
hydrogel, the GelMA- MXene printed hydrogel displayed a darker contrast with better- formed  
fibers, signifying better printability (Figure 25.5k). Biocompatibility of MXene- based scaffolds and  
bioinks was tested and compared with that of pure GelMA bioinks for 7 days. Live/ dead staining  
was conducted with C2C12 cells and captured through fluorescent images (Figure 25.5l). Results  
showed that the encapsulated C2C12 cells did not display any visible cytotoxicity when grown on  
GelMA- 0.05 MXene scaffolds and had viability results similar to that of pure GelMA. Additionally,  
GelMA- 0.05 MXene bioinks containing C2C12 cells were also assessed to be able to maintain high  
cell viability for seven days. To understand MXene’s effect on C2C12 differentiation, C2C12 cells  

FIGURE 25.5 3D Printed MXene structures for tissue engineering and regenerative medicine. (a) Digital 
photographs of 3D- printed MXene composite scaffolds with increasing MXene concentration. (b) Alazarin 
Red (AR) staining of control, HA/ SA, and MXene/ HA/ SA (1 mg/ ml) at day 14 (scale bar: 100 μm). 
Figures 5a– b are adapted with permission [59]. Copyright Mi et al., some rights reserved; exclusive licensee 
IOP Publishing (United Kingdom). Distributed under a Creative Commons Attribution License 4.0 (CC BY). 
SEM images of collagen, silk, and hydroxyapatite (CSH) functionalized with MXene nanosheets (M- CSH) at 
30x (c) and 800x (d) magnification. SEM images (e, f), FITC- Phalloidin/ DAPI staining (g, h) and live/ dead 
staining (i, j) of CAL- 27 cells cultured on M- CSH scaffolds (e, g, i) before and (f, h, j) after laser treatment. 
Figures 5c– j are adapted with permission [60]. Copyright Li et al., some rights reserved; exclusive licensee 
Oxford University Press. Distributed under a Creative Commons Attribution License 4.0 (CC BY). (k) Optical 
image of cylindrical- shaped pure GelMA and MXene- based hydrogels together with their respective top- view 
SEM (bottom) of mesh constructs achieved through 3D extrusion printing. (l) Fluorescent microscopy images 
of C2C12 cells either encapsulated or bioprinted with pure GelMA and/ or GelMA- 0.05 Mxene and cultured 
over 1 day and 7 days. (m) Fluorescent microscopy images of pure GelMA and GelMA- 0.05 MXene hydrogels 
stained for myosin heavy chain (MHC) to determine C2C12 cell differentiation. Figures 5k– m are adapted 
with permission [58]. Copyright Boularaoui et al., some rights reserved; exclusive licensee American Chemical 
Society. Distributed under a Creative Commons Attribution License 4.0 (CC BY).
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were encapsulated in pure GelMA and GelMA- 0.05 Mxene samples, stained for myosin heavy  
chain (MHC) after seven days, and imaged through fluorescence imaging (Figure 25.5m). Results  
concluded that the incorporation of MXene additives into GelMA samples enhanced the skeletal  
muscle differentiation capability of C2C12 cells. This study demonstrated that the addition of con-
ductive MXene nanosheets enhanced GelMA’s electrical signal conduction and promoted differenti-
ation in C2C12 cells even without electrical stimulation. Furthermore, the addition of MXene  
did not severely alter the mechanical stiffness of GelMA, thus allowing cells to retain their regular  
morphology. These results provide a stepping stone for the research community to explore the fabri-
cation of 3D conductive tissue constructs with physiological relevance [58]. Similarly, Rastin et al.  
demonstrated the utility of 2D MXene nanosheets with Hyaluronic Acid (HA) and Alginate (Alg) in  
developing conductive cell- laden bioinks through the 3D printing bio application. 5 wt% of HA and  
1 wt% of Alg were mixed with either 1mg/ ml or 5mg/ ml of MXene to form a homogenous bioink that  
was printed through a 3D extrusion bioprinter. Thereafter, bioink containing 1mg/ ml of MXene and  
Human Embryonic Kidney 293 (HEK- 293) cells was extruded to form cell- ladened 3D conductive  
hydrogels which were evaluated based on biocompatibility and cell viability. Results concluded  
that the MXene- based hydrogels displayed impressive rheological characteristics, thus allowing the  
fabrication of multilayered structures with good shape retention and high resolution. Additionally,  
the introduction of electrical conductivity to the 3D- printed hydrogel scaffolds via the addition of  
MXene resolves the longstanding issue of current bioinks’ incompatibility with tissues. Along with  
a >95% cell viability, these findings stand to establish 3D printing as a viable means of assembling 
functional scaffolds for the regeneration of damaged tissues, thus paving the way for future  
developments of customized conductive MXene- based bioinks for tissue and neural engineering  
[56]. In a different approach, Basara et al. developed a new composite construct through Aerosol  
Jet 3D- printing (AJP) of MXene- polyethylene glycol (PEG) bioink for cardiac patch fabrication.  
3D MXene- PEG hydrogels were prepared by pre- molding PEG on a polydimethylsiloxane (PDMS)  
mold, followed by AJP of the MXene bioink onto the PEG hydrogel at a cell- level resolution. The  
composite hydrogel was seeded with human- induced pluripotent stem cell- derived cardiomyocytes  
(iCMs) and cultured for a week to make cardiac patches. A significant increase in MYH7, SERCA2,  
and TNNT2 protein expression together with an improvement in conduction velocity and beating  
synchronicity was observed, suggesting MXenes play a vital role in iCM alignment. Again, this  
work indicates that the MXene- PEG composite provides topographical as well as conductive cues  
for iCMs, making it physiologically relevant as a cardiac patch for myocardial infarction treatment  
and other cardiac tissue engineering applications [46], [55].

25.5  CONCLUSIONS AND PERSPECTIVE

Remarkable advancements in MXene research have been made in recent years to prove their utility 
in a wide range of fields such as energy storage, electronics, catalysis, optical, environmental, 
structural, and biomedical applications. This is a direct result of the MXenes’ excellent chem-
ical and physical properties, biocompatibility, mechanical flexibility, electrical conductivity, and 
photothermal characteristics. Advancements in the 3D printing of MXenes have also been made in 
hopes of synergizing the advantageous characteristics of both MXenes and 3D printing to develop 
highly functional and performance biomedical devices. The exploration of 3D- printed MXenes in 
the biomedical field, however, remains surprisingly limited despite the prevalence of its 2D coun-
terpart, while 3D- printed MXenes have amazing potential in tissue engineering, regenerative medi-
cine, and biosensing applications, making them extremely exciting prospects in the biomedical field. 
However, there remain gaps in to use MXenes for biomedical devices 3D- printing manufacturing. 
First of all, resin viscosity plays a critical influence on most of the available 3D- printing technolo-
gies for MXenes printing as high viscosity resin generally decreases the printing resolution or leads 
to a fail printing. Hence, low loading of MXenes is used in most current MXene 3D printing because 
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high loading of MXenes leads to high viscosity. Surface modification of MXene with a low energy 
interface is required for the high- loading of 2D MXene for practical applications. In addition, in 
most biomedical applications, most MXenes are modified with hydrophilic polymers such as PEG 
and PVP through non- covalent and physical adsorption interactions. However, the non- covalent 
interactions are not stable enough during the printing process, which often leads to the separation 
of MXenes during the printing. Furthermore, as a newly developed 2D material, there are limited 
reports on the biocompatibility of MXenes, and most of the studies ended with the cell toxicity test. 
Systematic impact factors of surface modification and concentration of MXene loading on biocom-
patibility are important for most biomedical applications but little work has been done. To move 
forward with the practical application of 3D- printed MXenes for biomedical applicators, various 
efforts such as long- term toxicity, biocompatibility in animal models, and ecological environment 
should be considered.
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26.1  INTRODUCTION

Pharmaceutical dosage forms are normally manufactured in large size batches such as 100,000 
pieces [1]. It is expected the batch size for solid pharmaceutical dosage forms to be at least 100,000 
units unless it is for orphan medicinal products [2]. Batch size depends on the demand and also the 
time of product lifetime [3]. For an abbreviated new drug application (ANDA), the exhibit batch size 
should be at least one- tenth (1/ 10) of the commercial batch size or 100,000, whichever is greater[1]. 
The current manufacturing establishments and regulatory aspects have met the public demand well. 
However, there are new emerging healthcare aspects such as over seven billion population, and an 
increase in average age, with a median age of 42 for more developed regions (28.5 years in 1950 and 
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42 years in 2020). In general, the median age has increased from 23.6 years in 1950 to 30.9 years 
in 2020 in the world [4]. This new demographic population requires a different type of supply 
chain and production. In addition, technological advancements provide novel opportunities that 
make medicines more efficient. For example, elderly people or patients may need to take multiple 
medicines every day. Taking several dosage forms (polypharmacy) is a common practice among 
elderly patients, but there are risks of drug interactions, medication errors, and contra- indications, 
leading to a lack of patient compliance [5]. Therefore, combining these into fewer dosage forms 
would make life much easier for them and followed with better compliance. However, mixing a 
large number of active ingredients could lead to chemical incompatibilities such as aspirin, statin, 
and blood- pressure- lowering drugs [6].

The prevalence of cancer has increased from 9% in medieval times to 50% in modern Britain, 
at the time of death. This could be attributed to modern carcinogens, the spread of viruses that 
trigger malignancy, industrial pollutants, and longer life expectancy. Since cancer is a heteroge-
neous disease, then standard treatments are effective only for a subset of patients. Thus, the intrinsic 
variability of cancer needs precision and personalized medicine. For example, traditional therapies 
such as mAbs are effective against certain cancer cells and these drugs will not be effective against 
mutant cancer cells. Therefore, a new line of mAbs is required. Thus, by increasing the number of 
cancer patients, more precision and personalized medicine are needed, something that established 
conventional pharmaceutical products cannot meet.

Rare diseases are defined as health- related problems that are heterogeneous, and geographically 
disparate. Most of them are chronic and result in early death, although only a few of them are pre-
ventable. Rare diseases are defined as conditions whose prevalence is not more than 50 per 100,000. 
It has been reported that there are more than 300 million people with rare diseases worldwide and 
these patients need personalized medicine.

Therefore, the well- established pharmaceutical manufacturing process faces challenges to meet 
the new demands. Three- dimensional printing (3DP) has been employed for the development of 
novel pharmaceutical dosage forms. These include tablets, capsules, nose patches, filaments, core- 
shell tablets, gastro- floating tablets, hollow cylinders, dual compartmental dosage units, multi- 
compartment capsular devices, orodispersible films, and fast dissolving oral films, and liquid 
capsules. Currently, there is only one 3DP pharmaceutical product approved by regulatory bodies, 
which is Spritam. It just provides extraordinary fast disintegrating tablets, which may be convenient 
for the treatment of patients with epilepsy. However, this product is not meant to meet the new 
demands for pharmaceutical dosage forms. This chapter aims to evaluate whether the application of 
3DP can meet the demands for new and novel pharmaceutical dosage forms.

26.2  WHAT IS PERSONALIZED MEDICINE?

Personalized medicine is defined as tailoring therapy for a patient based on individual needs [7]. 
Personalized medicine plays important role in the prevention, diagnosis, treatment, and prognosis 
of cancer. Choosing a suitable antibody is one aspect of personalized medicine in cancer therapy. 
Personalized medicine is also identified through genome sequencing; for example, it can identify 
hypersensitivity to abacavir in HIV treatment. Personalized medicine is applied for transfusion medi-
cine, matching donors and recipients, for example, avoiding antibody- mediated hemolysis due to 
passenger lymphocyte syndrome through genetic testing. It is expected that personalized medicine 
represent better value for money, as patients will receive the correct treatment right from the begin-
ning. For example, the warfarin dose should be adjusted based on the naturally occurring genetic 
variations in both the VKORC1 and CYP2C9 genes. Personalized medicine may be applied to achieve 
the right immunotherapy combination for acute myeloid leukemia treatment. The phase three clinical 
trial data did not show a reduction in the rate of moderate or severe exacerbations in a patient with 
asthma taking fevipiprant chewable tablets, and it has been suggested that further efforts are needed 
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to personalize treatments to the patient’s need. In addition, personalized medicine is recommended 
for the treatment of psoriatic arthritis, based on characteristic phenotypes of peripheral T helper cells 
and administering correct antibodies. To achieve effective treatment, or a personalized treatment for 
diseases like rheumatoid arthritis, serum biomarkers, synovial biopsy, and gene expressions should 
be obtained before commencing the treatment. This would achieve much quicker clinical outcomes 
than conventional treatments. For example, the patient’s treatment starts with methotrexate and 
glucocorticoids, and when a response is not observed then it is switched to tumor necrosis factor 
inhibitor, and this process may take about nine months. Personalized medicine changes the drug 
development process. There is an early stage of bench- to- bedside investigations, where clinical data 
is acquired. This is called forward translation. Then, there is a reverse- translation process, where drug 
candidates are further optimized based on biomarkers. Nanoparticles may be used for personalized 
medicine when a wide range of nanoparticle formulations are available, and a specific task is needed 
from each formulation. For example, a nanoparticle formulation may be employed for drug delivery 
to the brain, but another formulation may be employed for gene editing [8].

26.3  WHY IS PERSONALIZED MEDICINE IMPORTANT?

UK National Health Service (NHS) published a document in 2016 (www.engl and.nhs.uk/ wp- cont 
ent/ uplo ads/ 2016/ 09/ improv ing- outco mes- perso nali sed- medic ine.pdf), which states four ‘Ps’ for 
personalized medicine

1. Prediction
2. Prevention
3. Precision
4. Participatory.

The prediction and prevention will come through genomic characterization. For example, familial 
hypercholesterolemia causes an increase in blood cholesterol levels and the risk of developing heart 
attacks and cardiac events [9]. Early interventions can lead to a substantial prevention of cardiac 
disease and death [9]. Next- generation sequencing is now developed, which allows meeting the 
demand for sequencing millions of DNA or RNA sequences with higher sensitivity to detect low- 
frequency variants, and high throughput as fast as 6.5 h turnaround. In addition, next- generation 
plasma protein profiling has been developed allowing 1463 proteins to be analyzed compared to 794 
proteins analyzed by the convention methods.

Precision stands for precise diagnosis of the disease. This will also depend on the patient’s 
molecular and cellular characteristics. Certainly, a precise diagnosis will allow clinicians in choosing 
the optimum medicine and dose, for example, warfarin.

The participatory helps targeted discussions between clinicians and individuals based on 
individual’s genomic characteristics and lifestyle. For example, there is certain Type- 1 diabetes 
that can be better controlled by an optimum combination of insulin and medical nutrition therapy 
[10]. The international Consortium for Personalised Medicine anticipates that there will be next- 
generation healthcare by 2030. One of the key questions is ‘Will scientists, innovators, healthcare 
providers, and others be able to provide the most suitable medicine, at the right dose, for the right 
person, at the right time, at a reasonable cost?’ [11] Therefore, the pharmaceutical industry needs to 
prepare itself for this imminent transition in the healthcare system.

26.4  WHAT ARE THE CURRENT METHODS OF PERSONALIZED MEDICINE?

Manufacturing tablets with different strengths is the desired approach for personalized medicine. 
For example, different warfarin doses are needed based patient’s genotype [12]. As a result, there 
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are warfarin tablets with strengths of 0.5/ 1/ 2/ 3/ 4/ 5 mg. Splitting tables are the most common method 
of personalized medicine to only adjust the dose. This approach assumes that the drug is uniformly 
distributed in the tablet. Certainly, this method applies to low potent drugs. Tablet splitting can be 
done by the patient or caregiver (such as a nurse, or parents). Tablet splitting can be achieved by 
tools available at home such as a kitchen knife [13], [14]. This method can be suitably applied to 
scored tablets. Splitting tablet by kitchen knife can be performed in the following steps: by placing 
the tablet on a hard surface such as a bench top, then by placing the sharp side of the blade of a 
clean knife along the score- line, pressing the knife or non- sharp end of the knife by one hand, and 
ensuring holding the handle by other hands. It is recommended that the knife blade be made of 
stainless steel, with a length of 8 cm, and a thickness of 1 mm. The handle length should be 12 cm.

Tablet splitters may be used for splitting tablets (Figure 26.1). These are usually made of plastic 
with a stainless- steel blade inside. Typical dimensions are length 9 cm, width 5 cm, and height 3 cm. 
Table splitters can hold tablets in the size of 6– 20 mm. The tablet splitter is opened, and a tablet is 
placed inside a designated area of the splitter, which is parallel to the base of the device. Then the lid 
is closed which brings the blade into contact with the tablet and breaks into two similar size sections.

Grinders or tablet crushers may also be used to produce drug powders from uncoated tablets. 
Tablet crushers typically are cylindrical devices with two compartments, which are separated by a 
base. The base may have a rough surface or a slit. The upper compartment has a lid that screws down 
to the vicinity of the base. A tablet is placed in the upper compartment and on the base. Then, the 
screw cap is replaced on the top compartment and fully twisted. By this action, the gap between the 
screw cap and the base is reduced, and the tablet is crushed in between. Normally, tablet powder is 
passed through the slit of the base plate and collected in the lower compartment of the crusher. This 
type of device is not normally used for adjusting drug doses, but to make it easier for swallowing by 
patients that have difficulty swallowing tablets such as children.

Cutting transdermal patches are also used for adjusting the dose for pediatric use. This applies 
to those patches that do not have a reservoir. A pair of scissors typically are used to adjust the 
size of the patch. The assumption is that the drug is uniformly distributed in the patch. As cutting 
the transdermal patches mat damages the integrity of the device, an occlusive dressing has been 
suggested to be inserted between the patch and the skin, which can block the contact area of the 
skin. Adjusting the area of the absorption surface provides means of adjusting the dose from a 
transdermal patch.

Unlicensed oral formulations are another method of personalized medicine. Unlicensed oral  
suspensions are prepared by dispersing drug powders that are obtained either from emptying drug  
capsules or crushing drug tablets in a liquid vehicle.

FIGURE 26.1 Photographs of a typical tablet splitter.
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3D modeling of anatomical parts is also considered personalized medicine for planning surgery 
[15]. 3DP allows for reducing implant surgery time, intraoperative blood loss, and postoperative 
complications.

26.5  WHAT ARE THE PROBLEMS WITH CURRENT PERSONALIZED MEDICINE?

The splitting tools play an important role in producing parts with close masses. For example, a kit-
chen knife splits tablets with a large variation in weight compared to other tools such as Pilomat and 
Vitality tablet splitters [13]. The tablet splitting method should comply with regulatory requirements. 
This means that tablet parts should be within 85– 115% and all parts within 75– 125% of the the-
oretical weight of a tablet part. It was found that not all the time this regulatory requirement is 
met. Furthermore, there are significant variations in intra and inter- accuracy of tablet splitting tools 
[16]. Certain brands meet the regulatory requirement all the time, but some brands do not meet the 
requirement all the time.

A tablet crusher also may be used for preparing oral unlicensed oral suspension to achieve desired 
doses. However, tablet crushing could change the drug efficacy by incomplete dosing, raise safety 
concerns related to operators exposed to airborne particles from crushed tablets, lead to significant 
drug loss by crushers, change the drug absorption rate, cause adverse events, and reduce palatability. 
Grinders may cause drug loss as high as 14% [13]. In cutting the transdermal patches, again, it is 
assumed that the drug is uniformly distributed in the patch, while this depends on the formulation. 
It should be noted that cutting a transdermal patch may affect the delivery of the drug or affect the 
adhesive properties of the patch. Furthermore, the patch manufacturer may not recommend cutting the 
patch. The use of approved oral suspensions is more appropriate for adjusting the dose for personalized 
medicine compared to unlicensed suspensions made by emptying capsules. However, unlicensed oral 
suspensions may present limitations such as drug chemical stability, formulation physical stability to 
deliver uniform doses and microbial contamination of the product during compounding [17].

26.6  WHAT ARE THE ALTERNATIVE METHODS OF ACHIEVING 
PERSONALIZED MEDICINE?

3DP is currently the main emerging technology as an alternative method for personalized medicine 
[18]. Alternatively, induced pluripotent stem cells (iPSCe) provide a unique tool for personalized 
medicine by deriving disease- specific stem cells. iPSCs can self- renew and differentiate into many cell 
types [19]. In this approach, somatic cells are obtained from the patient such as fibroblasts (obtained 
from skin biopsies) or peripheral blood cells, which is minimally invasive. A viral vector (such as 
Sendai virus vector SeVdp- 302L) is used to deliver transcription factors: KLF4, OCT4, SOX2, and 
c- MYC to reprogramme the cells. The generated iPSCs may be pushed to precardiac mesodermal 
lineage (KDR+ , MESP1+ ) via GSK- 3β inhibition, and then differentiated to cardiac progenitor cells. 
Autologous bone- marrow- derived mesenchymal stem cells were employed for the treatment of mul-
tiple sclerosis. As another example, neuronal precursors were obtained from embryonic and mesen-
chymal stem cells, which were delivered intravenously for the treatment of Parkinson’s disease. Viral 
vectors may be employed for gene delivery in the context of personalised medicine. For example, 
adenoviral vectors have been widely for gene therapy in clinical trials [20]. Recently, baculoviruses 
have been considered for gene therapy [21]. As these viral vectors are safe (not causing genetic 
mutations or being immunogenic), easy to scale up, with transient gene expression [21].

26.7  WHY DOES 3DP SEEM BETTER THAN OTHER METHODS?

The advances in 3DP, availability and low cost make this technology appealing, in particular the 
extrusion- based methods (semisolid printing, pellet/ powder extrusion, and FDM) [22]. 3DP can 
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be useful for providing medicines with desired doses or combining several active ingredients in a 
single dosage form. This is a major demand in the healthcare sector. 3DP is also can be employed 
for gene delivery and gene editing. This is an exciting and novel application of 3DP. Gene delivery 
can be achieved by formulating viral or non- viral vectors, containing the desired nucleic acids 
(siRNA or DNA). This is followed by dispersing the gene delivery vectors in a biogel/ bioink and 
using a bioprinter to produce a scaffold with desired size and shape, or the scaffold can provide 
micron- sized pockets to hold gene delivery vectors. Then, the scaffold is placed in the target area 
of the body, such as defected bones to promote bone generation. In another approach, a composite 
was 3D printed, which contained stem cells and PLGA particles encapsulating a transcription 
factor. Then the scaffold can be printed in the shape of a personalized lumber vertebra. recently, 
4D printing has been developed. These are referred to as objects that are created in 3D (even 1D or 
2D), but these respond to environmental stimuli (i.e., smart materials) [23]. For example, Melocchi 
et al. (2019) employed 3D printing and PVA- based materials to produce 3D- printed cylindrical- 
shaped coils for oral administration, which swell in the stomach and avoid excretion through open 
pylorus [24].

26.8  WHAT IS 3D PRINTING?

3DP is an iterative manufacturing process, where each time a 2D object is created. The layers are 
joined to each other, either due to adhesion properties of the molten layer, the use of adhesives added 
by droplet generators, or due to chemical reactions. 3DP production originated in 1974 by Wyn 
Kelly Swainson, followed by Charles W. Hull in 1984.

3DP required a computer- aided design (CAD) model or a digital scan. There are several soft-
ware programs are available such as SolidWorks (Dassault Systèmes), and Autocad (Autodesk, 
California, US). The CAD model is saved in the Standard Tessellation Language (STL) format. 
However, a slicer program is needed to instruct the printer on the operation and specify the oper-
ational parameters. The printing parameters depend on the type of 3D printing. For example, fused 
deposition modeling (FDM) requires setting the temperature of the nozzle, the build- plate tempera-
ture, the travel speed of the printer head, each layer thickness, and infill percentage. Following com-
pletion of this layer, the printer makes another layer (usually on top of that). This iteration process 
is continued until the object is materialized in full- size. 3D objects materialize on a platform either 
in the air or inside a liquid. The thickness of each layer varies between 100 nm [25] for two- photon 
polymerization 3DP to 600 µm for FDM 3DP. This permits the construction of highly detailed 
3D physical objects on a nano- scale. For example, a detailed boat was 3D printed at microscales 
by applying the two- photon absorption polymerization technique [26]. Nano- printing may provide 
opportunities for developing nano- drug delivery systems.

26.9  WHAT CAN NOVELTIES 3D PRINTING PROVIDE TO PHARMACEUTICAL 
SCIENCES?

3DP has been employed extensively to prepare novel pharmaceutical dosage forms. This approach 
allows the formulation of a variety of dosage forms that cannot be prepared by conventional methods. 
For example, Ehtezazi et al. (2018) showed the fabrication of mesh or plain films by 3D printing, 
which allows faster disintegration compared to plain films (Figure 26.2) [27]. A Hilbert’s film was 
also prepared by 3DP (Figure 26.2). 3DP provides the opportunity for preparing personalized medi-
cine [18, 28], such as chewable printlets for children with maple syrup urine disease, or extended- 
release tablets of prednisolone with varying doses in the range of 2– 10 mg. 3DP facilitates the 
production of polypills with defined release profiles. Robles- Martinez et al. (2019) employed stereo-
lithographic (SLA) 3DP to produce tablets with six different layers, each containing a different 
drug [29].

 

 

 

 

 

 

 

 

 

 



409The Application of 3D Print  

3DP has been utilized to manufacture Spritam tablets, which disintegrate within two seconds.  
This rapid disintegration time is outstanding and has not been met by conventional tablet manufac-
turing methods. Furthermore, 3D- printed tablets of amitriptyline hydrochloride achieved >80% of  
drug release within a few minutes after immersing in the release media. While sugar- coated amitrip-
tyline hydrochloride released 80% of the content over 10 minutes. Furthermore, 3D printing  
allowed producing oral films with higher loading of indomethacin nanocrystals compared to the  
traditional solvent casting method. 3DP has been employed to produce gummy drug formulations  
with different shapes and colors to improve adherence to medication in children (Figure 26.3). In  
another approach, compartmentalized capsules were manufactured by 3DP, where each compart-
ment disintegrated at different time points, allowing a burst release followed by a sustained release  
drug delivery [30].

26.10  WHAT HAVE 3DP METHODS BEEN DEVELOPED RECENTLY?

There are several 3DP techniques have been developed, and most of these have been investigated for 
pharmaceutical applications. These are described below.

26.10.1  inkJet 3dP

Inkjet 3DP employs a liquid dispenser (an inkjet device), which produces droplets of uniform size  
(Figure 26.4A). The ink contains a binder solution and like normal 2D printing, the inkjet device  
deposits droplets on the powder (instead of paper) on a platform. The powder particles adhere to  
each other due to the presence of the binder in the droplets and form a thin object. The platform level  
is lowered by a fraction of a millimeter and another powder layer is spread over the 2D object, and  
the process of depositing binder solution starts again. The 3D- printed tablet is embedded inside a  
powder bed and it is recovered. The tablets require a drying process before packaging. Katstra et al.  
(2000) employed inkjet 3DP to produce tablets [31]. As the droplets were estimated to be 80– 90  
µm from a 45 µm nozzle, then continuous inkjet printing should have been utilized. This was a wise  
decision, as smaller inkjet nozzles tend to block. Inkjet 3DP is the only technique so far that has been  

FIGURE 26.2 Fabrication of fast dissolving oral films by the fused deposition modeling 3DP.
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used to produce tablets at an industrial scale (Spirtam tablets by the Aprecia’s patented ZipDose®  
Technology). Inkjet printing has also been employed for the formulating of tablets with an internal  
honeycomb structure to control drug release [28]. Sen et al. (2020) reported that increasing the  
surface tension of API ink leads to less variation in the content and weight uniformity of printed  
tablets [32].

FIGURE 26.4 Schematic examples of different types of 3DP: (A) inkjet, (B) FDM, (C) Stereolithography.

FIGURE 26.3 3D printed transparent gummy bear.
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26.10.2  fused dePosition Modelling

Fused deposition modeling (FDM) 3DP is the most commonly used technique for the formulation 
of pharmaceutical dosage forms. This method is based on hot melt extrusion (Figure 26.4B). This 
means that a powder mixture or a filament is heated to melt in the printer head (Figure 26.5). This is 
followed by the raster movement of the printer head or the print bed (platform), which leads to the 
deposition of a 2D object on the print bed. After completion of one layer, either the printer head or 
print bed change moves in the z- direction (height) and another layer is deposited. The printer head 
can be heated up to 230 °C, and the print bed may be heated up to 80°C to ensure the formation of a 
2D object without defects. FDM has been applied for the formulation of sustained released tablets, 
immediate- release tablets, capsules, implants, oral films, and radiator- like oral dosage forms. 
Polymers have been used for FDM including polyvinyl alcohol, hydroxypropyl methylcellulose, 
poloxamer 407, polyethylene oxide, and thermoplastic polyurethanes [33]. Thermoplastic polymers 
are desired for FDM printing. The polymer melts or softens at elevated temperatures. Drug or 
excipient degradation at high temperatures is the main disadvantage of FDM (Figure 26.6, author’s 

FIGURE 26.6 Degradation of material during FDM 3DP. (A) Formulation without scorching. (B) The 
formulation contained a disintegrant that decomposes at high temperatures, which can be recognized by its 
darkened color.

FIGURE 26.5 Different types of FDM 3D printers. (Left) Direct 3DP that does not require filament. (Right) 
a typical FDM that uses filament for printing.
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unpublished data). In addition, certain rheological properties of molten polymer should be met for 
printing by FDM. It was found that at the share rate of the nozzle (1000 s- 1), the molten polymer 
should exhibit viscosity in the range of 100– 1000 Pa.s to be printable [34]. The lowest filament 
stiffness requirement was 80 kg/ mm2 for the Prusa I3 MK3S 3D printer [35].

26.10.3  digital light Processing

Digital light processing (DLP) employs ultraviolet light to form a 2D object. In contrast to FDM 
and inkjet printing, the 2D layer forms inside a tank that contains a photoreactive resin. The ultra-
violet light initiates polymerization, but the polymerization is continued as long as there is UV light 
illumination. The DLP printer uses a digital micromirror device (DLD). This is a mirror (2 x 3 cm) 
made of millions of pixels, such as 20 megapixels, like digital cameras. The DLD device is elec-
tronically connected to a computer, and DLD can present an image visible to the naked eye. This is 
simply achieved through binary data. This means that an image is converted to a two- dimensional 
array, and each cell of the array can be either ‘0’ or ‘1’. By ‘0’, the array will be black (not reflecting 
light) and by ‘1’, the array will be white (reflecting light). If the light is shone on the DLD, the mirror 
will reflect the light and the image on the DLD will appear on the wall/ paper/ platform standing 
opposite to the mirror. Normally, an optical lens focuses the light on the wall/ paper/ platform.

Depending on the type of the printer, a layer of resin is spread over the print bed, and with the 
help of DLD and UV light the resin is cured, and a 2D object forms. Then the platform position is 
changed (may be lowered) and another resin layer is deposited on the 2D object and the curation 
process re- starts. As photo- polymerization occurs simultaneously in all directions of the platform, 
DLP printing is much faster than inkjet printing or FDM. DLP is suitable for thermolabile drugs. 
Photo- reactive polymers have been employed for the pharmaceutical application of DLP, such as 
poly(ethylene glycol) diacrylate (PEGDA) and poly(ethylene glycol) dimethacrylate (PEGDMA) 
[36]. A photoinitiator is required for DLP printing such as 2- Hydroxy- 4′- (2- hydroxyethoxy)- 2- 
methylpropiophenone. Kadry et al. 2019 employed DLP printing for the formulation of theophylline 
tablets containing chambers with the width of 500 µm [36].

26.10.4  stereolithograPhic 3d Printing

Stereolithographic 3D Printing (SLA 3DP) uses a UV- laser beam to cure a resin. Depending on 
the printer, a layer of resin is dispersed in a tank and then the print bed is lowered into the tank 
until a thin layer of the resin stays between the platform and the bottom of the tank (Figure 26.4C). 
A UV- laser beam is shone from the bottom of the tank to solidify the resin on the platform. The 
laser movement is dictated by the CAD file in a computer. After the formation of the first layer, the 
platform is raised and another layer of fresh resin is added to the tank, then the platform is lowered, 
and a thin layer of the resin stays between the bottom of the tank and the first printed layer. The cur-
ation process starts again. SLA 3DP is known for producing objects with extreme details. SLA 3DP 
uses photocrosslinkable polymers such PEGDA, PEGDMA, poly (2- hydroxyethyl methacrylate) 
(pHEMA), and poly(- propylene fumarate)/ diethyl fumarate (PPF/ DEF). Currently, there is no regu-
latory approved photocrosslinkable polymer for pharmaceutical applications [37]. SLA 3DP has 
been employed for the formulation of scaffolds containing the drug for tissue engineering, [38] and 
a bladder device for intravesical drug delivery [39].

26.10.5  selectiVe laser sintering

Selective laser sintering is similar to inkjet printing, but with the difference that a laser beam fuses 
the powder particles rather than liquid droplets containing a binder. The powder- bed temperature 
could reach 110 °C [40]. Interesting FDA- approved polymers could be used for SLS 3DP, such as 
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Kollicoat IR and Eudragit L100- 55. A laser absorbing material is required for SLS 3DP such as 
Candurin® Gold Sheen, which is a food ingredient. SLS 3DP was employed to produce tablets with 
controlled porosity, allowing preparing immediate or sustained release tablets [40]. Allahham et al. 
(2020) employed SLS 3DP to produce orodispersible tablets disintegrating within 15 s [41].

26.10.6  seMisolid extrusion

Semisolid extrusion (SSE) 3DP is based on enclosing a paste inside a chamber (a syringe) and 
applying pneumatic or mechanical pressure on the paste, forcing the material to flow through a 
nozzle. This causes the formation of a narrow filament. The raster movement of the chamber/ nozzle 
will deposit a 2D pattern on the print bed. Following the completion of one layer, the printer head 
moves up and another layer is deposited. Typical air pressure is 20– 103 kPa. Typical excipients 
are gelatine, starch, xanthan gum, and HPMC. SSE has been employed for the formulation of 
orodispersible films. This was achieved by printing the paste on the heated bed (70 °C), which led to 
the solidification of the layer(s). Films achieved a disintegration time of 40 s [42]. SSE may be used 
for printing formulations that increase adherence to medication in children (Figure 26.3).

26.11  WHAT HAVE 3DP METHODS BEEN IN THE MARKET/ CLINICAL 
EVALUATIONS?

Currently, the production of Spritam tablets is the only pharmaceutical product on the market. An 
inkjet 3DP is utilized for the production of the tablets. Spritam tablets contain levetiracetam as the 
active ingredient, which is an antiepileptic drug. The formulation is available as 250 mg, 500 mg, 
750 mg, and 1000 mg tablets. The tablet is round, white to off- white color with a spearmint flavor. 
The cost of Spritam 250 mg tablets is around $642 for a supply of 60.

Candy 3DP was employed to produce chewable printlets of isoleucine for delivery of personalized 
doses (50– 200 mg) in children with maple syrup urine disease. Chewable printlets were made in 
different colors and flavors, which were welcomed by patients [43]. Currently, M3DIMAKER™ is 
the world’s first GMP 3D printer for personalized medicine [44]. This 3DP has not been used yet in 
clinical trials.

26.12  WHAT ARE THE CHALLENGES FOR THE NOVEL 3DP METHODS TO  
GET TO THE MARKET?

Novel 3D methods are continuously developing for the formulation of pharmaceutical dosage forms. 
These need to reach patients to improve their quality of life. It is estimated that the market for 3D- 
printed pharmaceuticals will reach £1.68b by 2027 [45]. However, there are barriers to these novel 
technologies compared to traditional and established methods. These are explained in the following.

First, the 3D printers should comply with cGMP requirements, i.e., they must be qualifiable. 
Although there are no specific details about this term, generally, 3D printers should meet the 
following requirements:

1. The design of 3D printers should allow easy cleaning.
2. 3D printers must not have a negative impact on product quality.
3. 3D printers must comply with technical rules, i.e., any relevant pharmacopeia specifications, 

or any relevant ISO requirements.
4. 3D printers must be suitable for their purposes. This means that 3D printers should produce 

printlets with the desired weight uniformity, content uniformity, predetermined disintegration 
time (if relevant), and predetermined level of impurities (comes from the degradation of the 
product during printing or any contamination from the printer head or print bed).
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Second, from a manufacturer’s point of view, three major risk areas have been identified related 
to the 3D printing of pharmaceuticals:[46]

1. Product liability risk; product fits its purposes all the time and is free from printing defects 
[47] if it is locally produced.

2. Counterfeit risk (fake products cannot be copied from the original product).
3. Safety and efficacy risk (the manufacturing process does not put the health of patients at fur-

ther risk and produced product has desired efficacy).

It appears each 3D- printing method will require separate regulatory requirements due to consid-
erable variations in the 3D- printing methods.

26.13  USE OF 3DP IN PRE- FORMULATION STUDIES

3DP has already been employed in the pre- formulation studies. 3DP FDM has been utilized to 
manufacture oropharyngeal models to understand the performance of inhalers in patients [48]. The 
live oropharyngeal models were prepared from subjects with different anatomical sizes [49]. 3D 
printing allowed to manufacture of the oropharyngeal models in four different sections and evaluate 
the drug deposition distribution in the mouth and throat. In addition, 3D printing has been employed 
for the manufacture of nasal casts for pharmaceutical products intended for nose- to- brain delivery 
[50]. 3D printing allows modifying the nasal casts, for example, to erase the sinuses and make them 
simpler without significant deviation from global drug distribution in the nasal cavity. Generally, 
there are two types of casts: standard and individual. The standard casts are usually made of stainless 
steel, and these tend to represent an average person. These types of casts are robust and may be 
manufactured through the mold injection process. The production number should be high to reduce 
the cost of each model. However, these models do not represent the inter- subject variation. While 
the availability of digital data for a selection of subjects allows researchers around the world either 
print the models or add new data to the existing collection.

It has been suggested that 3DP could be used in other aspects of pre- formulation studies. For 
example, 3DP could be employed for the fabrication of miniature reaction vessels for high throughput 
drug discovery. As 3DP allows for the preparation of a wide range of doses, then 3DP could enable 
the identification of clinical go/ no- go decisions at the early stages of the drug development pro-
cess. Inkjet 3DP of solid oral dosage forms would have an immediate indication in these early 
pre- formulation studies, by considering the regulatory approval of Spritam. If inkjet 3DP is found 
not suitable, then FDM 3DP may be employed for the production of tablets with desired hardness.

26.14  CONCLUSION AND FUTURE TRENDS

3DP of pharmaceuticals may meet the new requirements from the medicines, in terms of pro-
viding the right dose to a patient and reducing polypills. Extensive research has been conducted 
for understanding and optimization of 3DP for the formulation of pharmaceutical dosage forms. 
Certainly, 3DP can provide novel dosage forms that are hard to achieve by the conventional 
pharmaceutical manufacturing methods. This could lead to better patient compliance and treatment 
outcomes. The future direction needs immediate attention in the following areas for the 3DP of 
pharmaceutical dosage forms.

1. Material:
Currently, a limited number of excipients is available for pharmaceutical 3DP. Most of the 
excipients are not approved by regulatory bodies for use in 3DP of pharmaceutical dosage 
forms. Therefore, extensive research is required to build a library of excipients, which can be 
used with a variety of 3DP methods.
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2. Stability:
API or excipients may degrade during the 3DP process. The chemical changes should be 
identified for both excipients and APIs in the process of 3DP. Most excipients are in the solid 
state at room temperature, but APIs and excipients may interact when they melt during 3DP.

3. Speed:
3DP owes its novelty partly due to the formation of highly detailed 2D objects at a time. This 
comes with the cost of slowing the production process. Although it may be suggested that 
several 3D printers would solve the problem, companies avoid this option, firstly due to the 
capital investment, and secondly the maintenance and troubleshooting that each printer may 
require. Therefore, 3D printers should be developed that print several objects at the same time.

4. Robustness:
3D printers should be designed to be robust, i.e., this equipment should tolerate expected vari-
ation in environmental conditions, raw material, and human factors. For example, the heated 
print bed may be required for FDM 3DP. However, variation in the environmental temperature 
may lead to the separation of the printlet from the print bed and prevent the formation of a 
complete object.
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27.1  INTRODUCTION

Three- dimensional printing (3DP) is defined as the process of depositing materials layer by layer 
and then fusing these layers before the next layer is added, as a bottom- up approach to manufac-
turing. The term 3D printing is often used interchangeably with additive manufacturing (AM) and 
was first suggested as a potential means for rapid manufacturing as early as the 1970s when Wyn 
Kelly Swainson in 1977 filed a patent for a device that could 3D print using lasers to crosslink liquid 
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monomers into a 3D design. To date, 3D printing and similar AM processes within the scope of 
regenerative medicine applications have focused on the creation of cell- free scaffolds for implant-
ation in surgery with the hope of successful integration and propagation of new tissue into the 
scaffold’s matrix [1]. Investigation into AM technology that incorporates and can assemble living 
cells, biomaterials, and biochemicals in functional tissue- like structures begins to take hold. We 
see the first example of 3D printing of cells into a 2D/ 3D format by Klebe R. J. using cytoscribing 
technology in an inkjet printer in 1988 to print cells into specific 2D patterns that can be built one 
layer after another into 3D structures [2]. It is here that 3D printing has evolved to differentiate from 
the conventional process of 3D printing scaffolds followed by seeding them with cells, to a simul-
taneous process that creates 3D- bioprinted matrix and cells concurrently, what we now term as 3D 
bioprinting (3DBP). In the following years, we have seen the introduction of many new bioprinting 
products such as the artificial liver and cartilage in 2012, coaxial printing in 2015, rapid continuous 
optical printing using 3D digital light processing (DLP) in 2016, and collagen human hearts based 
on the freeform reversible embedding of suspended hydrogels (FRESH) technology in 2020 [3]. 
Considering the great progress already made in this field, the prospect of utilizing 3DBP for creating 
functional tissues and organs is now a real possibility in the near future.

3D bioprinting is the emerging subfield of 3D printing. The term ‘bioprinting’ has been broadly 
used to refer to the printing of either biologically inert materials or biomaterials that incorporate 
living cells and other biologics in 3D constructs using AM processes [4]. The concept of using 
living components to create 3D structures is what fundamentally differentiates it from other types 
of 3D printing. While 3D printing and bioprinting use the same AM techniques to build 3D objects, 
there is a vastly different set of conditions, standards, and requirements that need to be addressed 
for 3D bioprinting to be successful compared to a typical 3D- print design. The critical component 
of 3DBP is the bioink, which is important for the development of functional tissue structures. The 
key characteristics for the selection of suitable materials for bioprinting involve the printability, 
mechanical, biocompatibility, biodegradability, and sterility capabilities of the material. Bioinks are 
printable materials that can be composed of either only cells (scaffold- free bioinks) or a combin-
ation of cells and scaffold biomaterials (scaffold- based bioinks). Scaffold- free bioinks are printed 
directly to create a 3D tissue in a process that imitates embryonic development, while scaffold- based 
bioinks are primarily made of soft biodegradable hydrogels allowing the encapsulated cells to grow 
and form desired 3D structures. The selection of biomaterials for bioinks is thus very critical for 
bioprinting.

In this chapter, the various 3DBP modalities used currently for regenerative applications are 
defined, elaborated, and compared. The advantages and limitations of each modality are discussed. 
Next, we have summarized the use of 3DBP in the generation of various tissue constructs and 
addressed the existing limitations of 3DBP. Finally, we will conclude with the future outlook of 
3DBP and the evolution of 4D bioprinting for the fabrication of tissues for regenerative applications.

27.2  3D BIOPRINTING MODALITIES

Several 3DBP modalities exist: inkjet, extrusion, digital light processing, and laser- assisted 
bioprinting, as shown in Figure 27.1. In the following sections, we will discuss each modality in 
depth as they relate to scaffold fabrication and contrast their advantages and disadvantages.

27.2.1  inkJet BioPrinting

Inkjet bioprinting is a 3DBP modality built upon the technology of inkjets, described by Lord 
Rayleigh in 1878. From Rayleigh’s theory, continuous inkjet printing technology was developed 
wherein a droplet flow of controllable size can be produced. Shortly after, drop- on- demand (DOD) 
technology was developed, allowing the ejection of droplets only when stimulated by a digital 
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signal. DOD technology was later commercialized to produce inkjet office printers, and, in recent 
years, has been adapted by researchers to allow the printing of bioinks, both with and without cells, 
with extreme precision [5].

Continuous inkjet printing is not currently utilized for 3DBP as the devices are complex, cannot 
be precisely controlled, and introduce opportunities for ink contamination [5]. However, DOD 
inkjet bioprinting has several variations which prove extremely effective for 3DBP. DOD inkjet 
bioprinting can be subdivided into thermal, piezoelectric, electrostatic, and electrohydrodynamic 
(Figure 27.1A).

Thermal inkjet bioprinters operate by heating a localized area of ink rapidly for a short time,  
thereby causing the formation of heat bubbles, and through the subsequent expansion, pushing ink  
through the inkjet outlet [6]. The heating element warms to 250– 350 ºC, which may cause cell death  
for cells in the immediate vicinity, however, the overall ink temperature does not raise more than  

FIGURE 27.1 A schematic of various 3DBP modalities. (A) Thermal, piezoelectric, electrostatic, and 
electrohydrodynamic inkjet bioprinting modalities. Reprinted with permission [5], Copyright 2020, American 
Chemical Society. (B) Extrusion bioprinting, various phases of extrusion printing process are highlighted. 
Reprinted with permission [8], Copyright 2021, Elsevier. (C) DLP bioprinting. Adapted with permission [3]. 
Copyright Zeming Gu, Jianzhong Fu, Hui Lin, Yong He, some rights reserved; exclusive licensee Elsevier. 
Distributed under a Creative Commons Attribution License 4.0 (CC BY). (D) Laser- assisted bioprinting. 
Reprinted with permission [9], Copyright 2021, John Wiley & Sons.
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10 ºC, allowing for cell viability of around 90% [5]. The diameter of the inkjet outlet is typically  
about 50 µm, a comparable size to many cells, which may cause shear stress during printing. This  
being said, the nozzle size allows for the printing of droplets ranging from 30– 80 µm, resulting in  
high resolution [5]. Thermal inkjet bioprinting is favorable for its low cost, relative simplicity, and  
high- speed, but can be difficult to tune due to the changes in bioink viscosity resulting from rapid  
heating and vaporization [6].

Another variation is piezoelectric inkjet bioprinting, which operates by utilizing piezoelectric 
ceramics, generating a precise displacement in the bioink reservoir corresponding to the applied 
voltage [7]. Piezoelectric 3DBP can have a customized printhead size of 19– 120 µm, allowing for 
control of drop size from 50– 100 µm [6]. The viability of cell- laden bioinks printed using the piezo-
electric method may be less than that of the thermal method due to ultrasonic- induced cell lysis, 
or excessive force applied during ink ejection. Still, piezoelectric inkjet bioprinting is often able to 
achieve cell viability of 70– 90% [5].

Electrostatic inkjet bioprinting utilizes an ink- chamber deformation to induce an increase in 
pressure. In this method, however, the sidewall of the ink reservoir is displaced by an electrode 
plate that attracts the sidewall through static electricity. This increases in volume, and a subse-
quent vacuum, drawing ink from an external reservoir to fill the void. When the electrode plate 
is deactivated, the ink reservoir sidewall returns to its original position, causing an increase in 
pressure [5] Electrostatic inkjet bioprinters offer precise control, offering nozzle diameters of 8– 160 
picoliters, and resolutions of up to 2880 x 1140 dpi [5]. Due to the small nozzle size, shear stress 
must be considered when printing with cell- laden bioinks, however, complications introduced by 
other inkjet methods, such as heat and sonication, are not limiting factors.

Electrohydrodynamic jet bioprinting is the final variation of the inkjet bioprinting method. It 
utilizes an applied pressure to produce a Taylor cone at the end of the inkjet outlet, to which a 
voltage is applied, producing a precise jet of bioink droplets. This modality is similar in its applica-
tion to that of electrospinning, as the voltage is applied to the area containing the Taylor cone, and 
the receiving substrate is grounded to encourage the collection of the bioink [5]. The main advantage 
of electrohydrodynamic jet bioprinting is that the jet can be smaller in diameter than the nozzle of 
the ink reservoir, as the jet is produced from the tip of the Taylor cone, rather than the nozzle. This 
allows for extremely precise printing, with resolution reaching 2– 60 µm in diameter, including some 
high viscosity inks which require a larger nozzle size [5].

In general, inkjet bioprinters hold several key advantages over other 3DBP modalities: high- 
throughput, small drop size, drop- on- demand (DOD), and non- contact printing [5], [6]. Inkjet prints 
are highly efficient and capable of printing from a virtually unlimited quantity of nozzles simul-
taneously, allowing for rapid, high- volume printing. In addition, they allow for high resolution, 
to the extent that researchers can customize drop size to that of a single cell [5]. DOD technology 
allows inkjet bioprinters the capability of reproducing highly complex and organized structures by 
deploying multiple bioinks one drop at a time with a resolution as low as 2 µm [5]. Unlike other 
bioprinting modalities, inkjet bioprinters do not require substrate contact or manipulation during 
printing, improving resolution and preventing additional contamination.

27.2.2  extrusion BioPrinting

Extrusion- based printing or bioprinting is a 3DP modality where biomaterials (cell- laden and/ or non- 
cell laden) are extruded as viscous fluids through a syringe using a pneumatic or mechanical pump 
at precise locations on receiving substrates (e.g., a culture dish, growth medium, or support gel), 
for fabrication of 3D scaffolds (Figure 27.1B) [3]. It is the most widely used bioprinting modality 
due to its versatility and affordability. The 3DP biomaterials used for extrusion printing can be 
cured using ultraviolet radiation, time- dependent solidification, and chemical or photo- crosslinking 
agent [3]. Printing parameters such as nozzle diameter, extrusion pressure, temperature, and speed 
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influence the final bioprinted structures. Extrusion bioprinting also allows for use of single or mul-
tiple syringes containing a combination of biomaterials and/ or cell types, enabling the formation of 
a more compositionally complex scaffold. This grants integration of cells and biomaterials which 
results in the replication of a more physiologically relevant construct. Pneumatic- driven extrusion 
systems use compressed air to dispense liquid from the syringes, while piston- driven systems use 
micro- infusion pumps to push the bioink out of the nozzle. Piston- driven methods provide higher 
resolution and better printability with semi- solid or solid biomaterials in comparison to pneumatic- 
driven methods [10]. However, piston- driven methods are volumetrically limited, cost more, and are 
difficult to clean and disinfect [10].

Currently, numerous extrusion- based bioprinters are available commercially, such as 3D 
Bioplotter® (EnvisionTEC), NovoGen MMX Bioprinter™ (Organovo), 3DDiscovery (RegenHU), 
BIO V1 (REGEMAT3D), INKCREDIBLE (CELLINK), BIOBOT TM and BIOASSEMBLYBOT® 
(Advanced Solutions), ALLEVI3 (Allevi, 3D Systems). Due to its flexibility, inexpensiveness, and 
ability to print porous constructs, extrusion printing has been employed by several researchers 
globally. It has already facilitated bioprinting of cells, tissue constructs, and tissue/ organ‐on-chip 
devices, with the expectation of printing functional scaled- up organs in the future. Several tissue 
constructs have been successfully engineered using extrusion printing, including but not limited to 
cartilage, blood vessels, bone, skin, liver, nerve, brain, and cardiac tissue constructs [3], [11].

Extrusion- based bioprinting has several advantages and disadvantages with respect to other 
printing modalities such as inkjet and laser- based technology. A wide variety of bioinks, such as 
hydrogels, tissue spheroids, micro- carriers, and cell pellets [10] can be used with extrusion printing 
in comparison to other techniques that can only facilitate printing cell-laden hydrogels. This is pos-
sible due to the flexibility in nozzle tip design, larger nozzle diameters utilized, and the ability to 
extrude bioink in near solid-state (also within a fugitive liquid delivery medium). Additionally, high 
cell density bioprinting is currently feasible only with extrusion printing with a reasonably lower 
process-induced cell damage and injury. Most importantly, extrusion printing enables printing ana-
tomically accurate porous structures, which is very difficult using other printing modalities (except 
with a modified stereolithography technique). It is also the only bioprinting process that is scalable 
and has the potential to print human- sized organs.

Despite these advantages, extrusion printing does have a few limitations. Foremost, the resolution 
offered by this technology is limited, with the minimum feature size being greater than 100 µm [11]. 
This is considerably lower than the resolution offered by other printing modalities. In addition, 
bioinks must be shear thinning and have a higher viscosity to begin with in order to be extruded in 
the form of filaments [8]. However, higher viscosities can trigger clogging inside the nozzle tips and 
require optimization for the diameter of the nozzle tips being utilized. Furthermore, the shear stress 
experienced by the cells at the walls of the nozzle tip during extrusion induces a significant drop in 
cell viability within the printed construct [11]. Clogged nozzle tips also demand a higher printing 
pressure which increases the shear stress experienced by the cells being extruded and subsequently 
compromises cell viability. Cell viability is also affected in this modality as biomaterials are not 
printed directly into cell culture media, thus exposing cells to dehydration and lack of nutrients 
while the entire construct is being printed. Lastly, requirements for gelation during the extrusion 
process limit the hydrogels that can be used with extrusion bioprinting. Hence, maintaining a fine 
balance between using a high viscosity ink and cell viability/ printability is very critical for extru-
sion printing. Therefore, the development of new bioinks that are well suited for extrusion printing 
is still a great need.

27.2.3  digital light Processing (dlP)

Digital light processing 3DP is another type of vat polymerization technique, similar to stereo-
lithography (SLA), but uses a laser beam. The DLP is a bottom- to- top process that uses a digital 
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photomask to project a 2D image onto a photocurable liquid resin (bioink) as shown in Figure 27.1 
C. DLP systems use a digital photomask which is usually a digital mirror device (DMD), an array of 
micro- mirrors, to control the curing laser beam [12]. Using DMD allows for a complete layer of resin 
to be cured at once, making DLP relatively faster than SLA [3]. There are three main components 
involved in DLP printing: i) a container filled with bioink which is typically a photocurable hydrogel 
or photosensitive resin which can solidify on exposure to a laser of a specific wavelength (usually 
ultraviolet (UV) light) or a photoinitiator, ii) a moving platform, and iii) an imaging system above 
the container (Figure 27.1 C). Starting with the bottom layer first, each new layer is printed and 
crosslinked above the previous one.

The DLP process requires bioinks with a lower viscosity allowing a faster flow of the monomer 
solution and a faster relaxation process, resulting in a better quality of prints. Having said that, 
when live cells are incorporated in DLP printing bioinks must be adequately viscous to prevent cell 
settling or precipitation during the printing process, to avoid inhomogeneous distribution of cells 
within the printed construct. Amongst the bioinks used with the DLP platform, polyethylene glycol 
diacrylate (PEGDA) and gelatin methacryloyl (GelMA) are the most commonly used bioinks for 
bioprinting tissue models. Compared to PEGDA, printing with GelMA typically leads to a lower 
printing resolution due to a lower concentration of polymer content. Although, an improved cell 
attachment with GelMA enables the utilization of a DLP bioprinter for printing constructs with live 
cells [12]. Additionally, a combination of PEGDA and GelMA bioinks has resulted in achieving 
an optimal printing resolution as well as cell attachment in the microtissues printed using a DLP 
platform.

In comparison to SLA, extrusion, and inkjet printing, DLP has a considerable advantage in 
printing speed (∼103 mm3/ s), a superior printing resolution (down to 10 µm), and easier control 
over the mechanical properties of bioinks [12]. Additionally, unlike the interfaces present between 
printed layers in inkjet printing (between droplets) or extrusion printing (between adjacent fibers), 
DLP technology can fabricate much smoother 3D structures, resulting in enhanced structural integ-
rity. Despite the high resolution attainable by DLP printers, the limited projection size mandatory for 
achieving this high precision restricts printing to only small- sized objects. Moreover, DLP systems 
are very expensive and due to their squared voxel produce a distinctive ‘boxy’ surface finish. The 
optical transparency of bioinks and their interaction with UV light has also been a bottleneck for 
creating high- resolution constructs. Thus, the next logical progression for DLP printing would be to 
improve the optical properties of bioink formulations by the addition of efficient photoinitiators and 
photo- absorbing molecules.

27.2.4  laser- assisted BioPrinting (laBP)

Laser- assisted bioprinting (LaBP) is a 3DBP modality that consists of a pulse- emitting laser, a 
refocusing element to refine the laser pulse, and an absorbing medium to convert the laser pulse 
into a bioink ejection (Figure 27.1 D). LaBP is based on laser- induced forward transfer (LIFT) 
technology, which is a direct- writing technique utilizing laser irradiation to induce material transfer 
with high precision and accuracy [13]. The laser is typically emitted perpendicular to the printing 
substrate, and then reflected 90º by a mirror. Before the laser pulse reaches the absorbing medium, 
it is passed through a lens, allowing for beam focusing to increase resolution. Upon contact with 
the absorbing medium, a bubble forms that force the ejection of bioink droplets onto the printing 
substrate [9], [13]. The absorbing medium can be either absorbing film- assisted LIFT (AFA- LIFT) 
or matrix- assisted pulse laser evaporation direct writing (MAPLE- DW) [9]. AFA- LIFT is composed 
of three layers, in the following order: a transparent layer (typically made of glass or quartz), a thin 
layer of absorbing metal (such as titanium or gold), and the bioink layer [9], [13]. When irradiated, 
the absorbing metal is vaporized, resulting in the bubble and subsequent droplet jet of bioink 
necessary for LaBP [13]. MAPLE- DW is composed of only two layers, in the following order: the 
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transparent layer and the bioink. MAPLE- DW typically targets bioink proteins for energy absorp-
tion, requiring the use of an ultraviolet (UV) laser. Due to cell viability issues associated with UV 
exposure, MAPLE- DW LaBP is not well suited to cell- laden bioinks [9].

More recent advancement in LaBP is that of laser- induced backward transfer (LIBT). LIBT was 
developed by Doucastella et al. [9] to address limiting factors in other LaBP methods: namely issues 
with print consistency caused by surface tension and evaporation acting on the small layer of bioink 
in the absorbing medium of AFA- LIFT and MAPLE- DW LaBPs. In this method, there is no energy 
absorbing layer, and the bioink and printing substrate are switched. Bioink is held in a vat, which 
mitigates evaporative and surface tension issues caused by low ink volume. The bioink is irradiated, 
either from below or from above through a transparent substrate, with a femtosecond infrared laser 
pulse, which forces a small quantity of bioink to squirt up and deposit on the printing substrate [9].

For all forms of LaBP, selection of the laser emission source, as well as the pulse time, may be 
varied depending on the intended applications. As previously mentioned, infrared (IR) lasers are 
often preferred as they are less damaging to most bioinks and present less issues of cell viability. In 
addition, it’s essential to consider the thermal impact of various wavelengths and emission times, 
and to identify a balance when selecting emission parameters. Though IR laser sources are preferred 
for their prevention of DNA double helix damage to cell- laden bioinks, excessive exposure times 
may result in cell death from overheating [9].

LaBPs are capable of printing single- cell droplets of bioink, as well as achieving high levels of 
resolution down to the micron level [9]. In addition, LaBP is capable of high throughput printing 
and is adaptable in technique and laser parameters. Cell viability is one of the strongest advantages 
of LaBP, as viability is typically 80– 100%. Bioink and cell viability must be considered and can be 
improved by carefully selecting laser sources and emission time to reduce thermal and radiative cell 
destruction. The other main source of cell destruction during LaBP is that of shear stress resulting 
from the rapid acceleration when ejected from the absorbing medium, and negative acceleration 
when collected on the printing substrate. During printing, the velocity of the bioink jet can reach 
500– 1000 m/ s, and the resulting acceleration from ejection and deposition can range from 105– 109 
g [9]. Shear stress from the negative acceleration when collecting on the printing substrate can be 
mitigated by creating a softer impact for bioinks, thereby improving cell viability. Researchers have 
accomplished this in the past by coating the printing substrate with a thin layer of liquid or gel. With 
current methods, there is an inverse relationship between the coating thickness and cell viability, as 
a thicker coating will reduce impact force to a greater extent, but will also isolate cells and prevent 
necessary nutrient absorption [9].

27.3  3D BIOPRINTING FOR TISSUE REGENERATION

Being a relatively newer aspect of tissue engineering, 3DBP has unlocked the possibility of creating 
exceptional biomimicry in the form and function of fabricated tissue substitutes, which has great 
significance in regenerative medicine. 3DBP is expanding considerably into an enormous industry 
due to its diverse applications. Broadly, the applications of bioprinting have been divided into two 
categories: i) tissue regeneration, such as printing of blood vessels, heart valves, nerves, musculo-
skeletal tissues, liver, and skin; and ii) biomedical applications, including drug screening. In this 
chapter, we will be focusing on tissue regeneration applications of bioprinting.

27.3.1  3d BioPrinting: neural regeneration

The nervous system is often organized by regions such as the central nervous system (CNS), and 
the peripheral nervous system (PNS). As such, nerve injuries are categorized by their region, eti-
ology, severity, and potential for a return to normal functionality. Due to the complexity of nerve 
tissue inter- communication, specific nerve fiber connection/ orientation, and the body’s endogenous 
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response to nerve injury, it is extremely difficult to achieve full recovery from nerve injuries even 
with the medical intervention [14]. The mechanisms by which nerve injuries can occur are extremely 
varied with etiologies including systemic illnesses (e.g., diabetes), toxicity, hereditary, autoimmune, 
infection, and physical trauma [15]. Peripheral nerve injury (PNI) has a higher chance of axonal 
repair and a return to acceptable neuronal function but only if the injury is small and not greater than 
3 cm will it be possible to achieve adequate neuroplasticity [16].

Given the intrinsic limitations for the natural repair of nerve tissue, there are therapeutic 
approaches that can significantly improve the outcome of successful nerve repair. In neuro regen-
erative applications, bioprinted artificial scaffolds can be implanted at the site of injury in the hopes 
of fully encompassing the injury gap/ defect and fully integrating with the native tissue to guide new 
tissue growth, in effect increasing the rate of nerve repair. Neural guide conduits (NGCs) are often 
created with either synthetic or natural biomaterials and are constructed using a variety of different 
3DBP techniques (Figure 27.2). Depending on the material and manufacturing process used it is 
often very difficult to create exact biomimetic cues in the scaffold architecture and then ensure the 
design fulfills the criteria for successful conduit performance such as biocompatibility, mechanical 
stability, degradability, cell/ biomolecule support, and mass- transport capable. 3DBP manufacturing 
has received great interest in developing new neural scaffolds due to the high degree of control it has 
for exact biomaterial placement in 3D environments.

Hydrogel bioinks based on natural polymers such as collagen, fibrin, gelatin methacrylate  
(GelMA), alginate, chitosan, and silk have had great success as neural scaffold matrices [18] Excellent  
biocompatibility, biodegradability, and low inflammatory responses give natural polysaccharides an  
advantage when supporting neural cell lines while presenting limitations in scaffold matrix mechan-
ical stability unless strengthened by the addition of physical or chemical crosslinkers. Synthetic  
polymers have also shown much potential in 3D printing hydrogels with successful designs for  
neural applications having been reported using materials such as polyethylene oxide (PEO), polyur-
ethane (PU), polyethylene glycol diacrylate (PEGDA), and polyethylene glycol dimethacrylate  
(PEGDMA), polypropylene fumarate (PPF), and polypropylene maleate (PPM). Synthetic polymers  
have a distinct advantage over natural polymers in that their mechanical and degradation profiles  
can be easily tunable in ink form to meet neural conduit design requirements, allowing for a greater  

FIGURE 27.2 Schematic diagram of 3D printing technologies for NGCs fabrication and the strategies for the 
construction of functional NGCs. Reprinted with permission [17], Copyright 2021, Oxford University Press.

 

 

 

 

 

 

 



427Materials and Challenges of 3D Printing  

degree of control when 3D printing neural conduits [19]. Pure synthetic polymer bioinks however  
can present an issue for neural conduits designed to support specific cell lines and for prolonged  
nerve repair applications, as they are usually not as biocompatible as natural polymers and can pre-
sent further complications by inducing chronic inflammation and foreign body reactions at the site  
of the implant. By combining both natural and synthetic polymers in ink form 3D- printed hydrogels  
are capable of incorporating the advantages of both natural and synthetic polymers while addressing  
these limitations for improved neural conduit designs. Examples of successful composite hydrogel  
bioinks used in neural conduit designs include gelatin- alginate, PEGDA- GelMA, PEG- PEGDA,  
and GelMA- chitosan microspheres.

An additive approach to further improving 3DBP neural conduit designs is the incorporation 
of materials that have conductive properties so that action potential or induced electrical stimu-
lation can propagate across the nerve gap. Polypyrrole (PPy), polyaniline (PANI), and poly (3,4- 
ethylenedioxythiophene) (PEDOT) are currently the most promising conductive polymers that 
have shown success in neural conduit designs composed of hydrogels and synthetic polymers [20]. 
Carbon nanomaterials have also been widely used in the manufacturing of 3D- printed NCs due to 
their unique electrical, mechanical, and biological properties. Currently, the most utilized forms of 
carbon used in bioinks have been graphene, single- walled carbon nanotubes (SWCNT), and multi- 
walled carbon nanotubes (MWCNT). Most often these materials are included in composite ink 
formulations to improve the electrophysiological properties of conductively inert links, many of 
which have been discussed in the previous sections [21].

Inkjet printing has advantages in resolution, and studies have shown that the precise positioning 
of materials by inkjet can promote micropatterned topographies that when incorporated into NGC 
designs can provide necessary structural cues for guiding nerve growth [22]. Ink jetting has also 
shown to be compatible with 3DBP applications for nerve regeneration, as demonstrated by the 
ability to print neural stem cells (NGC) and Schwan cell suspensions while retaining excellent cell 
viability after piezoelectric jetting [23]. The amount of biocompatible bioinks that can be utilized 
with inkjet printing is substantial, and we see that a number of those inks have also shown success 
in NGC designs. Such examples include Poly(e- caprolactone) (PCL) in combination with different 
materials for improved material properties including poly(acrylic acid) (PAA), glacial acetic acid 
(GAA), and reduced graphene O]oxide (rGO) [24]. While collagen and fibrin inks have demonstrated 
improved growth factor and cell support [25].

Extrusion- based printing is one of the most widely used technologies to construct 3DBP neural 
conduits. The variations in ink viscosities give extrusion printing an advantage over ink jetting when 
creating precise print patterns, and guidance channels that have been shown to greatly improve neural 
cell development on the conduit surface. Examples of successful extrusion bioinks include synthetic 
polymers like PU, PCL, PLGA, and PLA while hydrogel designs have used gelatin- alginate, and 
GelMA/ GC- MS. There are also examples of extrusion bioink composites that use carbon- based 
materials such as graphene +  gelatin hydrogel/ PLA, and graphene +  PLGA [21]. These bioinks have 
also shown the ability to support a multitude of neural- based cell lines and maintain high viability 
during and after the bioprinting step, including Schwann cells, NSCs (Neural Stem Cells), induced 
pluripotent stem cells (iPSC), and human fibroblast [26].

Light- based forms of 3DP such as SLA and DLP are not as frequently utilized for neural 
conduits as compared to ink jetting and extrusion modalities but are quickly gaining great interest 
in 3DP neural applications. While they are limited in maintaining excellent cell viability due to the 
photoinitiators and light sources needed for crosslinking, they have shown further improvements in 
print fidelity and resolution, with conduit topographic features reaching details at the 100 μm scale 
allowing for even greater control in cell manipulation through biomimicry and chemotaxis. SLA has 
been demonstrated successfully in neural conduit designs including bioinks composed of PEGDA, 
and PEG- PEGDA hydrogels [25], [27]. SLA bioinks have also been demonstrated as composites 
with conductive polymers and carbon- based materials for neural conduit designs such as PEDOT +  
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GelMA/ PEGDA hydrogel, PPy +  PEGDA hydrogel, and MWCNT +  PEGDA hydrogel [26]. DLP 
bioinks have also reported successful neural conduit designs including PEG- PPF, and GelMA multi- 
channel neural conduits co- cultured the neural conduit with PC12 cells [28], [29].

27.3.2  3d BioPrinting: osteochondral tissue

Bone regeneration involves investigating methods and techniques to replace damaged bone tissue or 
improve the rate/ quality of bone repair for bone defects caused by bone fractures, osteodegenerative, 
and tumor diseases. Current techniques for repairing bone defects are based on grafting autolo-
gous, allografts, and synthetic grafts. However, site morbidity, variable immunoreaction, and a lack 
of control in tissue organization and mechanical properties limit these techniques for establishing 
stable quality bone tissue. With the increased use of grafts for the repair of bone defects and the 
minimal success of the adequate return of quality bone tissue, there is a need to investigate alterna-
tive methods for bone repair [30]. Bioprinting technology has been shown to deeply improve graft 
performance and the availability of effective synthetic- bone substitutes (Figure 27.3(i) and (ii)). 
The primary use of 3D- printing modalities in osteogenic repair is in the manufacturing of 3D bone 
scaffolds that can successfully cover bone defects and integrate them into the native tissue bordering 
the site, to support new bone tissue growth. These scaffolds are designed with a critical focus on 
the composition of the scaffold being compatible with the native bone/ cartilage tissue and having 
to withstand a more frequent and greater mechanically stressed microenvironment. Currently, 3D- 
printed bone scaffolds are primarily created using inkjetting, extrusion, stereolithography, and DLP 
methods with a few lesser- known methods under investigation such as phase separation, cryogenic, 
indirect, and powder printing [30].

Bone- like structures have been produced using ink jetting technology. Examples include osteo 
conduits composed of hydroxyapatite (HA) and tricalcium phosphate droplets deposition onto 
powders. Ink jetting has also demonstrated cell viability in scaffolds produced using poly(ethylene 
glycol) dimethacrylate supplemented with HA and osteoinductive ceramics co- printed with bone 
marrow- derived human mesenchymal stem cells (BMSCs). Extrusion printing has a relatively poor 
resolution for microscale bone scaffolds, but it is particularly suitable for bioinks with high vis-
cosities and high cell densities [32]. This feature enables the production of 3D bone scaffolds that 
better resemble the cell density of the native tissue. This method also allows for higher structural 
integrity by providing a wider range of speeds at which the ink can be deposited. This flexibility in 
printing parameters gives extrusion printing greater compatibility with different bioinks, including 
both scaffold- free and scaffold- based inks and inks designed to incorporate live cells that can obtain 
high levels of structural and functional complexities, such as native cartilages and bone tissue. Such 
recent examples include (PLA) +  acrylonitrile butadiene styrene (ABS), Periosteal derived cells 
alginate hydrogel +  collagen I, II, RGD alginate hydrogels, and HA- GelMA [30].

SLA and DLP printing methods have not been as extensively used for bone scaffold designs 
compared to extruder/ inkjet printing methods. However, light- based printing methods have 
demonstrated printing resolutions that conventional extruder printers are incapable of replicating, 
allowing for greater replication of the bone tissue architecture. SLA has demonstrated its ability to 
create osteochondral (OC) scaffold at the micron scale to support bone tissue using materials such 
as GelMA +  nanocrystalline HA for breast cancer bone defects, PEG hydrogel +  nanocrystalline 
HA, and hydrogel resins (PEG, PEG- diacrylate) [30]. However, based on the potentiator and laser 
wavelength used, SLA bioinks can be detrimental to the health of osteo- based cell lines making cell- 
infused prints very difficult. DLP in comparison has less chance for cell disruption and apoptosis 
due to the use of visible light for photo- crosslinking as exemplified by the use of DLP to produce 
radially orientated hydrogel cartilage constructs assisted with cell infiltration [33]. DLP has also 
been used to create the entire OC scaffold as demonstrated by the use of PEG materials combined 
with bovine cartilage ECM [34].
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FIGURE 27.3 (i). Example mandible bone reconstruction. (a) 3D CAD model recognized a mandible bony 
defect from human CT image data. (b) Visualized motion program was generated to construct a 3D architecture 
of the mandible bone defect using CAM software developed by our laboratory. Lines indicate the dispensing 
paths of PCL, Pluronic F- 127, and cell- laden hydrogel, respectively. (c) 3D printing process using the integrated 
organ printing system. The image shows the patterning of a layer of the construct. (d) Photograph of the 3D 
printed mandible bone defect construct, which was cultured in osteogenic medium for 28 d. (e) Osteogenic 
differentiation of hAFSCs in the printed construct was confirmed by Alizarin Red S staining, indicating calcium 
deposition. Reprinted with permission [31], Copyright 2016, Oxford University Press. (ii). Example calvarial 
bone reconstruction. (a) Visualized motion program (top) used to print a 3D architecture of calvarial bone 
construct. Lines indicate the dispensing paths of the PCL/ TCP mixture and cell- laden hydrogel, respectively. 
Photograph of the printed calvarial bone construct (bottom). (b) Scanning electron microscope images of the 
printed bone constructs. (c) Photographs of the printed bone constructs at day 0 (top) and 5 months (bottom) 
after implantation. Reprinted with permission [31], Copyright 2016, Oxford University Press.
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27.3.3  3d BioPrinting: cardiac tissue

Cardiovascular diseases are the main cause of death worldwide, and because damage to the 
myocardium is irreversible, advancing 3DBP of cardiac tissues is vital to improve morbidity and 
mortality [35]. The heart is composed of three layers, each of which contains a complex, specific-
ally organized structure of cardiomyocytes and various other non- myocyte cell types, as well as 
capillaries, arteries, and an extracellular matrix. Each of these components requires a high level of 
precision when 3DBP to avoid misalignment and poor tissue function. Cardiac scaffolds should fea-
ture porosity that allows for cell infiltration and nutrient exchange, as well as mechanical support 
of surrounding tissues, cell survival, proliferation and differentiation, promotion of vascularization, 
cell- cell and cell- matrix interactions [35]. The three main methods employed for cardiac 3DBP are 
extrusion, inkjet, and laser or projection- based bioprinting.

To date, 3DBP has been used for several different cardiac applications: i) heart patches for the  
repair of myocardial scar tissue, as well as long- term drug delivery, ii) ex- vivo cardiac models for the  
study of drug interactions and physiological function, iii) engineered- heart components, including  
valves, ventricles, and some neonatal- scale hearts (Figure 27.4). Extrusion- based 3DBP is the most  
commonly utilized 3DBP modality, providing a fast, efficient, and cost- effective option, however,  

FIGURE 27.4 Applications of cardiac 3DBP in a heart patch, and an ex- vivo cardiac muscle model. (A) Left: A 
schematic illustrating the geometry of 3DBP, vascularized heart patches, using induced pluripotent stem cell 
cardiomyocyte laden bioink, and human umbilical vein endothelial cell laden bioink. Right: Images of patches after 
7 days in culture, displaying an expression of troponin I and connexin 43 in cardiomyocytes and von Willebrand 
factor in human umbilical vein endothelial cells, showing growth of vasculature in 3DBP patch. Adapted with 
permission [37], Copyright Fabio Maiullari, Marco Costantini, Marika Milan, Valentina Pace, Maila Chirivì, 
Silvia Maiullari, Alberto Rainer, Denisa Baci, Hany El- Sayed Marei, Dror Seliktar, Cesare Gargioli, Claudia 
Bearzi & Roberto Rizzi, some rights reserved; exclusive licensee Nature. Distributed under a Creative Commons 
Attribution License 4.0 (CC BY). (B) Top Left: Schematic of 3DBP microchannel hydrogels with various widths. 
Top Right: Scanning electron microscope images of microchannel hydrogels. Bottom: Fluorescence microscopy 
images, taken after 5 days in culture, illustrating the effect of various microchannel widths on the alignment, 
elongation, and differentiation of human mesenchymal stem cells. Adapted with permission [35], Copyright 
Wang Z, Wang L, Li T, Liu S, Guo B, Huang W, Wu Y, some rights reserved; exclusive licensee Theranostics. 
Distributed under a Creative Commons Attribution License 4.0 (CC BY).
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this method struggles to offer the high level of accuracy required for cardiac 3DBP. When extrusion  
bioprinting cardiac tissues, the freeform reversible embedding of suspended hydrogels (FRESH)  
method is often utilized, which was developed and demonstrated by Lee et al. [36] when printing a  
tri- leaflet heart valve, a neonatal- scale collagen heart, and a human cardiac ventricle model.

Inkjet 3DBP is commonly utilized for its increased precision when fine- tuning porosity, as well 
as biomechanical and cytotoxic cardiac tissue properties. As previously discussed, inkjet bioprinters 
provide for a high level of cell viability. This being said, inkjet printers are not able to accurately 
print high- density, cell- laden bioinks, which is a critical characteristic for the creation of cardiac 
scaffolds [35]. DLP 3DBP provides for quick, high- resolution printing while avoiding shear stress to 
cells. Though DLP has been utilized by Liu et al. [38] to create scaffolds laden with neonatal mouse 
ventricular cardiomyocytes, several limiting factors need to be addressed to create complex cardiac 
scaffolds: (i) the use of multiple bioinks is challenging, which limits complex scaffold fabrication, 
(ii) cell settling within the bioink reservoir needs to be addressed to achieve uniform distribution, 
(iii) photo- crosslinking processes may present a challenge when printing with certain cell- laden 
bioinks [35].

27.3.4  3d BioPrinting: Vasculature

Organs and tissues require vasculature to maintain viability and metabolic activity. The vasculature 
is critical in supplying oxygen and nutrients to cells as well as in the removal of metabolic waste 
products, otherwise, cells located more than 200 µm away from their nearest capillaries will die [39]. 
This in turn compromises tissue viability and functionality. It is even more significant for bioprinted 
tissues that have a higher oxygen- consumption rate (e.g., heart, liver) to have vasculature integrated 
within the 3D printed scaffold to maintain long- term viability. One strategy is to rely on the con-
trolled release of angiogenic factors for induction of blood vessel growth in 3D printed tissues, 
while the second strategy involves direct printing of vascularized scaffolds [40]. To date, 3DBP has 
been used to build two types of vascular constructs: i) vascularized tissue constructs with integrated 
channels or vessels, and ii) standalone tubular vascular structures. Predominantly, both direct (extru-
sion, inkjet, DLP) and indirect (sacrificial bioprinting) printing have been employed in vascularized 
tissue engineering (Figure 27.5A). Direct printing allows for the fabrication of structures with con-
current cell seeding, while indirect printing is more efficient in fabricating complex architectures 
[39]. Hence, 3DBP modalities should be employed selectively to achieve the successful fabrication 
of vascular constructs based on desirable applications.

As reported by previous literature and ongoing studies, extrusion, inkjet, and laser- based printing 
have been employed for bioprinting vasculature. In extrusion- based methods, cells (endothelial and/ 
or smooth muscle cells) are suspended in a hydrogel (alginate, fibrin, PEG, GelMA) and the scaffold 
undergoes crosslinking (physical or chemical) to maintain the desired structure [40]. Hollow tubular 
constructs have been printed around a solid mandrel or using coaxial printing (Figure 27.5B), or 
a sacrificial hydrogel which is removed post- printing. Pi et al. [41] utilized a modified extrusion 
system equipped with multilayered coaxial nozzles to fabricate highly organized perfusable vas-
cular constructs (Figure 27.5B). Sacrificial materials such as Pluronic F127, gelatin, agarose, and 
alginate, with reversible crosslinking mechanisms, are typically used as the fugitive bioinks.

DLP bioprinting can eliminate the need for a sacrificial material. Zhu et al. [43] developed 
pre- vascularized tissues using a continuous DLP technique called microscale continuous optical 
bioprinting (μCOB), without any sacrificial material. They encapsulated multiple cell types, mim-
icking vascular cell composition, directly into hydrogels and observed spontaneous formation of 
lumen- like structures by endothelial cells in vitro. Similarly, Grigoryan et al [42] have used DLP 
printing to generate pre- vascularized hepatic hydrogel carriers using endothelial cells (Figure 27.5C). 
In summary, a detailed review of various 3D printing techniques employed for fabricating vascula-
ture to date can be found in the Chen and Zhu et al. articles [40], [39].
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27.4  CONCLUSIONS AND FUTURE DIRECTIONS

Bioprinting techniques have advanced remarkably in the past decade, from proof- of- concept prints 
to complex multi- material tissue structures. Nevertheless, as a relatively new technology, certain 
limitations exist that need to be overcome for it to achieve its ultimate goal -  the fabrication of fully 
functional human organs. The challenges pertaining to bioprinting techniques, cellular sources, and 
biomaterial selection remain crucial for the future development of 3DBP. From a technological 
perspective, there is a need for increased printing speed, resolution, and compatibility for various 
biomaterials. Improvement of resolution to the nanoscale (subcellular/ molecular) is required for 
better control of physical guidance provided by the microarchitecture. Similarly, shortened printing 
times are required not only for economic and productivity reasons in large- scale production of 
tissues for clinical use but also for situations wherein extended working times would be detrimental 
to sustaining bioink properties, along with the viability of partially printed structures. On the other 
hand, the selection of bioinks remains a significant challenge, as the materials need to be biocom-
patible, printable, and possess mechanical properties to support and maintain cell viability and 
function. Multi- material and multi- head printing may have the potential to resolve some of these 
issues moving forward, as it is highly unlikely that a single bioink would create an artificial micro-
environment to mimic an actual in vivo scenario.

Besides challenges from technological and material standpoints, integration of a vascular net-
work within the printed structures is one of the biggest hurdles in the field of regeneration. Although 
there are several bioprinting techniques used thus far to build vascular networks, each method has 
its limitations, and coaxial bioprinting may solve some issues of vascularization in scale- up tissues. 

FIGURE 27.5 (A) 3DBP strategies employed for printing vascular constructs (Reprinted with permission 
[39], Copyright 2021, John Wiley & Sons). Both, direct and indirect printing strategies are utilized in the 
literature. Vascularized constructs fabricated by (B) Extrusion printing, coaxial printing of multilayered tubular 
structures using multichannel coaxial extrusion system. Reprinted with permission [41], Copyright 2018, John 
Wiley & Sons. (C) DLP printing, tidal ventilation, and oxygenation in hydrogels with vascularized alveolar 
model topologies. Reprinted with permission [42], Copyright 2019, American Association for the Advancement 
of Science.
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Furthermore, with increasing personalized patient- specific 3DBP, there are ethical and regulatory 
concerns as well. It raises questions regarding testing a bioprinted organ using a patient’s cells on 
another patient first, and regarding developing a regulatory framework where a patient would serve 
as his/ her testing subject. Another significant limitation of 3DBP is that it considers only the ini-
tial static condition of the printed object and assumes it to be inanimate. In contrast, natural tissue 
regeneration involves dynamic functional changes caused in response to intrinsic and/ or extrinsic 
stimuli, which cannot be reproduced by bioprinting. Thus, the 3DBP field still has a lot of room for 
improvement.

27.4.1  4d BioPrinting

The term 4D printing was first conceptualized by Dr. Skylar Tibbits in 2012, where he established 
the broad definition of 4D printing as ‘3D printing but with time’ as a fourth dimension [44]. Further 
understanding of this manufacturing process has evolved the definition to more clearly describe the 
dynamic changes in 3D print shape, structure, and function, to create constructs with self- assembly, 
deformation, and self- repair potential. Currently, the best definition to describe 4D printing is the 
evolution in the shape, property, and functionality of a 3D- printed structure with time when it is 
exposed to an external and/ or an internal stimulus (Figure 27.6A) [45]. The two main strategies of 
4D bioprinting are changes in shape and functionalities of printed constructs over time. By using 
stimuli- responsive materials, 4D bioprinting can generate 3D structures that are capable of dynamic 
transformation in response to desired stimuli over time, overcoming the limitations of 3DBP.

Presently, various stimuli- responsive shape- recovery polymers, known as shape- responsive  
materials (SRMs), are being extensively studied for use with 4D printing. Stimuli applied can  
be physical (thermal, magnetic, acoustic, electric, etc.), chemical (pH- responsive), or biological  
(enzymes, glucose- sensitive) (Figure 27.6B) [46], [48]. These SRMs are broadly classified into  
the following four categories: self- assembly, self- actuation, self- sensing, and self- healing materials  
[47]. To date, compression, torsion, rolling, stretching, and bending (or folding), are the five basic  
types of shape deformation processes that can be actuated by the 4D- printed structures [47]. The  

FIGURE 27.6 (A) Schematic depicting 4D bioprinting process. Reprinted with permission [46], Copyright 
2018, John Wiley & Sons. (B) Stimulation sources for 4D bioprinting sorted into two types: external stimuli 
and internal stimuli, and subtypes under five subcategories: inner- , magnetism- , light- , heat- , and chemicals- 
stimuli. Reprinted with permission [47], Copyright 2022, John Wiley & Sons.
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recent studies on 4D - printed tissue constructs are summarized in depth in a review article by Wang  
et al. [47].

4D bioprinting could also benefit pediatric patients through the production of self- growing 
constructs that would grow with the patient over time. Nevertheless, this technology is in its infancy 
and still not widely understood. There are challenges associated with 4D printing such as, the number 
of materials suitable for 4D printing, simple design of the programmed/ patterned structures, and 
shortage of reversible transformation in printable materials, which are currently being researched. In 
conclusion, 4D bioprinting holds great potential for personalized treatments and precision medicine 
which are of utmost importance to the field of regenerative sciences.

27.5  DISCLAIMER

The opinions and assertions expressed herein are those of the authors and do not necessarily reflect 
the official policy or position of the Uniformed Services University (USU) or the Department of 
Defense. The opinions and assertions expressed herein are those of the authors and do not neces-
sarily reflect the official policy or position of the Henry M. Jackson Foundation for the Advancement 
of Military Medicine, Inc.
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28.1  INTRODUCTION

Bioprinting is a booming tool that promises to offer important results in fields such as science, 
medicine, and biotechnology. Mostly aimed at use in medicine, specifically in the regeneration of 
organs and tissues and in the study of diseases, there are many studies to be carried out to achieve 
its normal implementation in hospitals and clinical laboratories, as it is still at an incipient stage. 
Many discoveries have led bioprinting to achieve its current advances. Achieving its first results in 
the 1990s, with cell growth on a prefabricated three- dimensional surface, biodegradable and suit-
able for cell survival, bioprinting has gradually undergone a great evolution over the years, with 
the most promising results beginning to be achieved in the 2010s. From bioabsorbable splints to 
heterogeneous aortic valves, vascular channels, different types of tissues, functional thyroid glands, 
ovarian tissue, and tumor reconstructions (tumor- on- a- chip) to facilitate and optimize the study of 
effective treatments, the possibilities of bioprinting are increasing every year thanks to new research 
(Figure 28.1).

To achieve all these advances, it has been necessary to study not only bioprinting methods and  
the development of new bioprinters, but also the hydrogels that make up the bioinks loaded with  
cellular material. These hydrogels are the matrix that will maintain the integrity of the bioprinted  
structure while causing the least possible damage to the cells during and after bioprinting, as well  
as allowing angiogenesis and the exchange of substances to ensure cell proliferation and mainten-
ance. For this reason, it is essential to know the characteristics of the hydrogels that make up bioinks  
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and how to use them to obtain an overview of how they work and their possibilities. Thus, in this  
chapter, we study the characteristics, rheological properties, composition, types of bioink, and ways  
of crosslinking hydrogels, together with the different existing biofabrication technologies. All this  
will allow us to understand the complexity of these compounds and the need to continue studying  
them, investigate new combinations, and incorporate new additives that improve their structural  
properties, viability, and mimicry of human body tissues for their optimal clinical use.

28.2  CHARACTERISTICS OF HYDROGELS

Tissue engineering plays a fundamental role in the evolution of medicine. It deals with the study 
of the regeneration, repair, or construction of tissues or functional organs similar to human organs. 
The advancement of tissue engineering over the years, together with 3D printing technologies, has 
made the development of bioprinting possible. Bioprinting is defined as the fabrication of three- 
dimensional structures composed of biological materials. To this end, it uses hydrogels as a printing 
matrix because they possess the mechanical and biocompatibility qualities necessary to carry out 
the process of generating tissues and organs with an organization similar to those present in the 
human body.

Hydrogels are defined as hydrophilic and cross- linked polymers, which can absorb and swell in  
water and biofluids, and transform into insoluble 3D networks [1]. They are composed of synthetic,  
natural, or semi- synthetic/ hybrid materials, and can be used either to realize a cell- engineered bio-
logical construct (e.g., synthetic medium/ biological medium) and reconstruct a damaged element of  
an organism or to simulate the pathophysiology of tissue and study the molecular processes behind  
it. The structure that hydrogels possess is due to the formation of an insoluble network in the biofluid  
they are made of, through a cross- linking process. This cross- linking process is what confers elastic  
properties to the hydrogel when it is subjected to stress (during bioprinting) (Figure 28.2). Within  
the aqueous environment in which the network is formed, an equilibrium is maintained between the  

FIGURE 28.1 Relevant milestones in the evolution of bioprinting.
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osmotic forces of the liquid and the elastic forces of the crosslinked polymer, and it is the compos-
ition of the chemical structure and the crosslink density that defines the swelling rate and perme-
ability of the structure. They are capable of absorbing an amount of water equivalent to between 10  
and 1000 times their dry weight [2].

These properties give the formed structure great elasticity and water retention capacity, which 
allows its use in different biomedical applications due to its resemblance to biological tissues. For a 
hydrogel to be considered suitable for use, it must be compatible with the biological material it is to 
carry, and it must be able to acquire a structure that conforms to the tissue it is intended to mimic. 
Hydrogels must also maintain proximity to tissue with minimal adhesive effect. In addition, syn-
thetic matrices must be able to envelop cells and promote cell proliferation without damaging them 
under the effect of osmotic pressure. Therefore, synthetic matrices should be highly porous to pro-
mote the diffusion of nutrients and metabolites between cells and the surrounding environment [3].

28.3  RHEOLOGICAL PROPERTIES OF HYDROGELS

The rheological properties of bioinks greatly influence the integrity and fidelity of the printed struc-
ture and the viability of cells. The main rheological properties affecting the final characteristics of 
3D bioprinted tissues and biological constructs include flow behavior, viscosity, shear stress, and 
viscoelasticity [4].

• Flow behavior: indicates the resistance to shear deformation of a fluid. It is characterized by 
the interaction between viscosity and shear rate. Depending on this flow, the behavior is gen-
erally classified as Newtonian or non- Newtonian. Hydrogel- based bioinks exhibit preferably 
non- Newtonian behavior in addition to shear thinning to flow smoothly and avoid clogging 
of the bioprinter nozzle. Moreover, these characteristics improve the printing fidelity and sta-
bility of 3D bioprinted structures [5].

• Viscosity: In bioinks, higher viscosity implies improved structural stability, while decreasing 
cell viability. Conversely, a lower viscosity decreases the structural stability of the print while 
increasing cell viability [1]. Too high a viscosity can cause occlusions in the nozzle, so it is 
necessary to match the viscosity of the bioink to the shape and size of the nozzle and vice 
versa, bearing in mind that adjusting both parameters can also result in higher cell viability. 
In the case of bioink formulations, viscosity can be controlled by adjusting molecular weight, 
polymer concentration, additive mass, temperature, and pre- crosslinking [6].

• Shear stress: is determined by the viscosity of the bioink, and negatively influences cell via-
bility, since the higher the shear stress, the higher the rate of cell damage (Figure 28.3). Shear  

FIGURE 28.2 Hydrogel crosslinking process.
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stress acts on the tube wall during flow to oppose the driving force due to pressure. Away from  
the wall, velocity increases and the faster layers apply shear stress on the adjacent slower  
layers to increase their velocity. At the same time, the slower layers attempt to restrain the  
faster layers with a force opposite to the direction of flow as the frictional effects propagate  
through the fluid [7].

• Viscoelasticity: the behavior of materials with viscous and elastic properties when deformed. 
This property depends on the type of hydrogel, its concentration, and the cross- linking method 
applied to it, whether physical or chemical and affects cell proliferation and differentiation. 
Viscoelasticity is based on the measurement of the storage modulus (elastic part) and heat loss 
(viscous part) of stored energy. Thus, a high storage modulus results in bioinks with higher 
structural stability while a higher loss modulus will result in bioinks with lower structural sta-
bility [8]. It is necessary to adapt this rheological property to the needs of bioprinting.

28.4  COMPOSITION OF HYDROGELS USED IN BIOPRINTING

The composition of hydrogels used in bioprinting can be as follows:

• Natural hydrogels are composed of biomaterials that have inherent functions within the 
human body itself, such as collagen, fibrin, hyaluronic acid (HA), or Matrigel® [9]. They 
are best suited to achieve high initial cell viability because, being derived from biological 
tissues, they better mimic the natural microenvironment of the organism, enhancing cell pro-
liferation and differentiation and replicating with greater fidelity those processes, functions, 
and reactions that occur in vivo. Despite this, they can present some problems, since they may 
be immunogenic or carry viruses and diseases from the donor when grafted.

• Synthetic hydrogels are composed of materials such as polyethylene glycol (PEG), 
polyacrylic acid (PAA), or polyhydroxymethylmethacrylate (pHEMA), among others. Like 
natural ones, they possess high biocompatibility and can be specially functionalized with cell 

FIGURE 28.3 Effect of shear stress during bioprinting on cells.
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adhesion groups and growth factors, as well as chemically and physically modified with bio-
active molecules to enhance growth [10]. In addition, they can function as a substrate and can 
be customized according to the requirements for each type of bioprinting, achieving better 
mechanical and biological properties.

• Semi- synthetic/ hybrid hydrogels are formed by natural hydrogels that have been chemically 
modified or blended with synthetic polymers, acquiring new properties that can solve some 
of the problems that natural hydrogels may present, such as structural weakness, rapid deg-
radation or variability of the source of origin [11]. As natural hydrogels form part of their 
formulation, they may even present the same immunogenicity and incompatibility problems 
as natural hydrogels. In addition, the use of bioinks containing other biomaterials can provide 
additional mechanical support for bioprinted cells, helping them to organize, migrate and dif-
ferentiate autonomously to form functional tissues.

28.5  TYPES OF BIOINKS BASED ON HYDROGELS

Numerous types of hydrogels exhibit good bioprinting properties due to their biocompatibility 
and cell integration characteristics. In addition, the modified forms of some of them allow their 
immediate cross- linking after exposure to UV light, increasing their structural integrity as printing 
occurs.

According to their composition, hydrogels can be classified as follows:

• Protein- based bioinks:
• Collagen: is the main structural protein of the extracellular matrix of mammalian cells. 

Thus, collagen possesses tissue- like physicochemical properties, along with in vitro/ in vivo 
biocompatibility, and has been widely used in biomedical applications. Collagen can be 
combined with alginate for use as a composite bioink [12] and is capable of maintaining 
intercellular communications between different cell types. It can be modified with 
photopolymerizable methacrylate groups to give rise to ColMA, thus allowing its physical 
cross- linking in the presence of UV light.

• Gelatin: it is produced by the denaturation of collagen. It is derived from mammalian 
skin, tendons, or bones, and has a low cost. Its properties confer it the ability to be bio-
compatible, biodegradable, and thermosensitive, being able to form hydrogels at low 
temperatures. Moreover, it is possible to perform numerous studies by varying its concen-
tration, and its modified forms, which can be chemically or physically cross- linked, have 
also been adapted for bioprinting, such as gelatin methacrylate (GelMA) [13]. This GelMA 
is achieved by its modification with photopolymerizable methacrylate groups, allowing 
covalent crosslinking. Physical gelation arises from the assembly of intermolecular triple 
helices that possess a collagen- like structure [14]. Gelatin can be combined with alginate to 
improve the mechanical properties of bioprinted soft tissues. It can also be combined with 
hyaluronic acid to create more robust structures.

• Fibrinogen: is a large, fibrous, soluble glycoprotein involved in blood clot formation, 
where it is converted into an insoluble fibrin molecule by thrombin in the presence of Ca2+  
through intermolecular interactions [15]. In tissue engineering, it is mainly used for the 
reconstruction of damaged tissues because of its null immunogenicity and its biocompati-
bility, and biodegradability, as well as inducing the formation of an extracellular matrix. It 
can be combined, for example, with collagen to improve mechanical properties in cartilage 
tissue engineering or with hyaluronic acid to form vascular networks [16].

• Silk: a biomaterial with high elasticity and slow biodegradation, low immunogenicity, and 
biocompatibility, which has important applications in tissue engineering as it is tradition-
ally used as a support for cell growth.
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• Bioinks based on polysaccharides:
• Alginate: is a natural anionic polysaccharide obtained from brown algae, and is very 

similar to the glycosaminoglycans present in the extracellular matrix present in the human 
body. Moreover, it exhibits biocompatibility, low cytotoxicity, a gentle gelling process, 
and low cost. Due to its rapid gelation without the formation of harmful by- products, it is 
widely used in bioprinting as a bioink. Physical crosslinking and solidification of alginate 
are easily accomplished by the addition of divalent cations such as Ca2+  [17]. It is the most 
widely used bioink because its rapid gelation implies good printability, and it mixes easily 
with other bioinks or additives. Despite this, as alginate is a biologically inert material, it 
has low cell attachment, so it must be modified by an oxidation process and subsequent 
addition of RGD peptides to promote cell adhesion [18].

• Gellan gum: is a hydrophilic anionic polysaccharide produced by bacteria and used in 
the food and pharmaceutical industry as a gelling agent. Like alginate, it forms a hydrogel 
at low temperatures when mixed with monovalent or divalent cations. It can be combined 
with other bioinks to provide mechanical stability to the bioprinted structure, increasing its 
viscosity and not adversely affecting cell viability.

• Hyaluronic acid: is a non- sulfated glycosaminoglycan found in the natural extracellular 
matrix. It plays an important role in synovial fluid, vitreous humor, and hyaline cartilage. It 
is a polysaccharide suitable for bioimpressions that require high viscosity and good rheo-
logical properties, since the higher the molecular weight and concentration of hyaluronic 
acid, the higher the viscosity [19]. As with gelatin and collagen, it can be modified by 
the addition of photopolymerizable methacrylate groups, obtaining HAMA that can be 
crosslinked in the presence of UV light.

• Dextran: a natural hydrophilic complex polysaccharide that is synthesized by acid lactic 
acid bacteria from sucrose, and can be degraded by the body by dextranase enzymes, making 
it biodegradable [20]. The combination of hyaluronic acid hydrogels and methacrylated 
dextran exhibit viscoelastic and pseudoplastic characteristics as bioinks and can be used in 
various bioprinting applications.

• Agarose: polysaccharide extracted from marine algae with good gelling properties that can 
be used to form bioinks in conjunction with other bioinks.

• Chitosan: a polysaccharide obtained from the deacetylation of chitin present in the 
exoskeletons of crustaceans and insects and fungi, green algae, and yeasts. It has anti-
microbial and wound healing properties and can be combined with other bioinks, such as 
agarose [21].

• Konjac: Konjac glucomannan (KGM) is a natural polysaccharide consisting of β D- 
glucose and β D- mannose linked by β- 1,4- glycosidic bonds [22]. The properties that make 
it suitable for bioprinting are its high water retention, high viscosity and easy gelatiniza-
tion. Few studies have been found in the literature on this polysaccharide and its behavior 
during bioprinting processes, so more research is needed with different concentrations, 
combinations with other bioinks and different bioprinting parameters.

• Bioink based on decellularized extracellularized matrix (dECM):
• Matrigel: matrix composed from solubilized basement membrane secreted by mouse sar-

coma cells, rich in laminin and collagen IV, and used in cell culture. It serves as a nat-
ural biomimetic extracellular matrix and is widely used in cell and tissue culture, where 
it undergoes thermal cross- linking at higher temperatures [23]. Other bioinks, such as 
alginate, can be added to enhance its bioprincibility, in addition to other growth factors and 
components that aid cell growth and proliferation. Although such a combination with other 
bioinks may result in interesting bioprinting properties, their transfer to the clinical setting 
may be limited due to their origin from mouse sarcoma.
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• Bioinks based on synthetic polymers:
• PEG (polyethylene glycol): is a synthetic polymer synthesized by oxidation of ethylene 

oxide, which does not present immunogenicity or cytotoxicity, is bioinert, and presents 
appropriate properties for use in bioprinting because its mechanical properties favor the 
integrity of the printed structures. Since it is a bioinert material, cells cannot easily adhere 
to its surface, so for its correct use as a bioink it must be mixed with other biologically 
active inks. PEG can be modified to contain reactive groups (PEGX), to be photoreticulable 
(PEGDA), and to be combined with other components such as gelatin, fibrinogen, 
atelocollagen [6], or hyaluronic acid, among others.

• Pluronic (poloxamer): is a block copolymer consisting of a central block of poly (pro-
pylene propylene oxide) (PPO) flanked by blocks of poly (ethylene oxide) (PEO) [24]. It 
is a thermosensitive polymer that possesses inverse thermogelling properties (it gels with 
increasing temperature), which allows its easy handling in the liquid state and high vis-
cosity at low temperatures to carry out its mixing with the cellular material and biopolymers 
that are added to incorporate biological signals. Thus, the gelation temperature depends on 
the concentration and type of Pluronic. These gels show shear thinning behavior and good 
shear recovery, important for good precision when printing. It can be modified to include 
photoreticulable groups in its structure. The main problem with the use of this compound 
as a bioink is that it requires high concentrations to produce the gelation and rheological 
behavior required for extrusion bioprinting, negatively affecting long- term cell viability, 
although for a short period cells can be encapsulated in high concentrations of Pluronic 
without any detrimental effect on their viability [25].

28.6  CROSS- LINKING OF HYDROGELS

When the hydrogels used in bioprinting do not possess the necessary physical characteristics to meet 
the requirements of the part to be reproduced, compounds that allow crosslinking for greater struc-
tural stability must be used. For this purpose, both chemical and physical modifications can be used to 
induce gelation, provided that the encapsulated cells survive and proliferate afterward (Figure 28.4).

Cross- linking in hydrogels can occur either physically or chemically. In physically activated gels, 
light or temperature stimulates the occurrence of cross- linking within hydrogels, whereas, in chem-
ically activated gels, covalent bonds or coordinated bonds between polymer chains create a stable 
hydrogel network through molecular or ionic crosslinking agents, respectively [26]. Physically 
activated hydrogels have multiple advantages for clinical application, such as a mild gelling tem-
perature and low- toxicity cross- linking reaction in the absence of cross- linking chemicals, making 
them the perfect solution for fractures and bone defects with small holes. In contrast, hydrogels that 
are chemically activated can be used in hard and large bone defects through mono, dual, or multiple 
covalent cross- linking hydrogels [27].

• Cross- linked hydrogels by physical conditions: they are shaped by physical cross- linking 
interactions, which include ionic interactions, temperature, and self- assembly.
• Temperature- activated hydrogels: temperature- activated hydrogels can respond to different  

thermal stimuli through changes in their shape or internal structure. Therefore, the addition 
of hydrogels of polymers with small thermosensitive behaviors used in biomedicine  
confers them the ability to be thermosensitive. Some of the thermosensitive polymers used  
are PLGA- PEG (lactic acid coglycolic acid- PEG) [28], poly(N,N- diethylacrylamide) [29],  
PNIPAAm (poly(N- isopropylacrylamide)) [30] and soluplus [31]. Of these polymers,  
the most widely employed is PNIPAAm, as it is a typical monomer with excellent tempera-
ture sensitivity, and has become the most popular material due to its sensitive phase  

 

 

 

 

 

  

  

 



444 3D Printing: Fundamentals to Emerging Applications

translation ability when the temperature reaches 32 °C (lower critical solution tempera-
ture). The volume- phase transition temperature of a temperature- sensitive hydrogel can be  
adjusted by changing the amount of anionic monomer or the ratio of hydrophilic/ hydro-
phobic groups in the gel [32].

• Hydrogels activated by ionic crosslinking agents: most natural polysaccharides derived 
from algae, such as agarose and carrageenan, and some proteins of animal origin, such 
as gelatin, elastin, and collagen, form thermal hydrogels. The hydrogel can be formed 
by chelation or by electrostatic interaction, facilitating spontaneous physical gelation 
due to the presence of electrically charged species [33]. These polymers are known 
as polyelectrolytes: they contain a net charge along the polymer backbone and cross-
link to form insoluble complexes when combined with multivalent cations or anions 
depending on the charge of the polymer. Ionic crosslinking agents result in the forma-
tion of ionic intermolecular bonds, forming a three- dimensional molecular network. 
The introduction of Ca2+  and Cu2+  ions into the system to form coordination bonds 
improves the mechanical strength and tensile properties of hydrogels [34]. In addition, 
the addition of mineral ions often benefits cell migration, proliferation, and differenti-
ation, showing benefits beyond the physical and mechanical properties of hydrogels. 
The most important of the ionic crosslinking method is its self- healing ability so that 
the gel network can be destroyed with high shear force and repaired once the shear force 
is removed. However, the poor mechanical property seriously limits the application of 
hydrogels in bone and other hard tissues due to the physical crosslinking method of 
ionic interaction [27].

• Self- assembly- activated hydrogels: self- assembly is driven by non- covalent weak- 
bonding mechanisms, such as hydrogen bonds, hydrophobic interactions, and electrostatic 
interactions, and occurs mainly in peptide-  and protein- based hydrogels [35].

• Chemically crosslinked hydrogels: they have better mechanical properties than physically 
crosslinked hydrogels, and are formed by the addition of polymers that have been modi-
fied and the subsequent formation of covalent bonds between their chains. Crosslinking can 
occur by photoinduced crosslinking, enzymatically induced crosslinking, or small molecule 
crosslinking:
• Photoinduced crosslinking: hydrogels that can be photoactivated induce the formation of a 

three- dimensional network and morphological changes of the gel precursor upon activation 

FIGURE 28.4 Crosslinking process of hydrogels together with cells for subsequent tissue formation.
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by light at a specific wavelength, either UV light or visible light. Both natural and synthetic 
hydrogels and hybrids can be modified by the addition of photoreticulable components 
or photoinitiators to achieve in situ gelations. Depending on the reaction mechanism, 
photoinitiators are divided into two groups:
 – Type I or excision: UV light generates the excision of the initiator radicals. The most 

commonly used excision photoinitiators in bioprinting are I2959 and LAP. LAP is a 
single- component initiation system with high thermal stability and good solubility and 
is colorless; however, it is activated by blue visible light, which was shown to have some 
level of toxicity [36].

 – Type II or hydrogen extraction: they require less excitation energy than type 
I photoinitiators. The most commonly used are riboflavin and eosin Y. Riboflavin, also 
known as vitamin B2, is reduced by light, which releases free radicals, so it can be 
useful in radical polymerization [37]. Eosin Y, on the other hand, is a two- component 
initiation system, in which eosin Y acts as a photosensitizer. It is used in combination 
with triethanolamine (initiator) and N- vinylcaprolactam (comonomer to accelerate gel-
ation kinetics) to produce the photoinduced cross- linking reaction under visible light 
[38]. When the absorption of eosin Y overlaps with the irradiated light spectrum, it 
absorbs the light and goes into an excited state. The excited eosin Y extracts hydrogen 
radical from triethanolamine, generating triethanolamine radical, which serves as the 
initiator of crosslinking [39].

• Enzymatically induced crosslinking: due to the cellular toxicity of chemical crosslinking 
agents, the use of enzymatic crosslinking hydrogels is proposed to improve material prop-
erties, including fast gelation time and excellent biocompatibility. One of the components 
used for enzymatic crosslinking of hydrogels is horseradish peroxidase, which is cap-
able of forming covalent bonds between tyramine- modified polymers in the presence of 
hydrogen peroxide [40]. Another enzymatic method of hydrogel crosslinking is the use 
of transglutaminase factor XIII in chondroitin sulfate- PEG hybrid hydrogels. The add-
ition of functional groups to chondroitin sulfate along with specific substrate sequences 
of transglutaminase factor XIII is used to enable crosslinking of chondroitin sulfate with 
hydrogel precursors [41].

• Small molecule crosslinking: small molecules of specific crosslinking are often used to 
carry out crosslinking of different polymers, which are introduced into their networks to 
improve their performance. Some of these molecules are genipin, caffeic acid or dopamine, 
and tannic acid.
 – Genipin: obtained from plants such as Genipa Americana or Gardenia jasminoides, it 

is used as a high- performance crosslinking agent to connect polymers with the amino 
group. This molecule can maintain injectability at room temperature, ensure favorable 
compatibility and obtain an anti- inflammatory effect. It cross- links proteins, collagen, 
gelatin, and chitosan [42], being able to repair tissues.

 – Dopamine and caffeic acid: catecholic compounds. They possess catechol functional 
groups that exhibit binding capacity. Caffeic acid has many advantages over dopamine, 
as it is more readily available, has lower cost and desirable aesthetics, and exhibits 
internal biological characteristics such as antibacterial, anti- inflammatory, and antioxi-
dant effects [43].

 – Tannic acid: derived from green tea, grapes, and wine, among others. The abundant 
phenolic compounds in tannic acid have a strong adhesive capacity on organic or inor-
ganic surfaces, allowing its development as a potential crosslinking agent for the engin-
eering of functional hydrogels. In addition, due to the large amount of catechol groups 
present in the structure, their free radical scavenging ability can be used in materials for 
anticancer and anti- inflammatory therapy [27].
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28.7  BIOFABRICATION TECHNOLOGIES

Studies of new biofabrication methodologies are increasingly perfecting the final finish of 
bioprinted structures, making it possible to increase their resemblance to the parts they imitate with 
each advance. In addition, they also ensure greater cell viability and more efficient bioprinting, 
bringing researchers closer to the goal of achieving the creation of organs and biological structures 
ready for transplantation. The following is a description of the bioprinting methods most commonly 
used today:

• Inkjet bioprinting: inkjet bioprinting is an accurate, fast and low- cost method, which is 
based on the process of microelectromechanical systems with thermal bubbles or piezoelec-
tric injection microdroplet molding. It is divided into on- demand droplet bioprinting and con-
tinuous inkjetting:
• Drop- on- demand inkjet bioprinting: drop- on- demand inkjet bioprinting can be divided into 

thermal, piezoelectric, and electrohydrodynamic jet bioprinting.
 – In thermal or piezoelectric bioprinting, the bioink is converted into droplet form by 

applying a voltage to a piezoelectric crystal transducer to vibrate the materials or by 
heating the formulation to above- boiling temperature, thus creating the droplets [44] 
(Figure 28.5). The advantages associated with this type of bioprinting are its low cost 
and its ability to print rapidly while retaining high cell viability, and the disadvantages 
are its poor material selectivity, temperature variations during the printing process, and 
frequent clogging of the printheads.

 – Electrohydrodynamic jet bioprinting involves the application of an electric field in the 
bioprinting nozzle so that the bioink shoots out and the cells experience a very low elec-
tric current that has no negative effects on cell integrity, viability, and proliferation [45]. 

• Continuous inkjet bioprinting: this bioprinting technique, droplets are formed by a trans-
ducer or a droplet loading device that produces a continuous flow of droplets. The droplets 
are then directed to an electrically charged element to obtain the desired charge, and finally, 
the formed droplets reach the substrate and create the 3D product [46]. Requiring con-
ductive bioinks, it is not well suited for bioprinting. In addition, this method has a recircu-
lation flow that makes the bioink very susceptible to contamination [1].

• Extrusion bioprinting: this is the most widely used method due to its ease of use, the avail-
ability of a wide range of material selection (cast polymer, hydrogel, dECM, nanoclay,  
etc.), and low application cost. The process begins with loading the bioink to be printed into  
a suitable cartridge or syringe for the bioprinter, along with the placement of the desired  
nozzle. Through a pneumatic or mechanical mechanism, the bioink is deposited on a platform  
forming the previously digitally designed structure. The result is that different structures are  
built through the extrusion of bioink to form continuous fibers (Figure 28.6). This method  

FIGURE 28.5 Thermal bioprinting and piezoelectric bioprinting.
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has several disadvantages, such as the high rate of cell death due to the shear stress that  
the cells undergo during their flow through the syringe until they exit through the nozzle,  
and a low printing resolution [46]. The latter disadvantage can be improved by the addition  
of nanoparticles that confer higher printability. Furthermore, modification of the size and  
shape of the nozzle can also help to decrease the cellular stress produced during bioprinting,  
achieving an increase in viable cells after printing.

• Laser- assisted bioprinting (LAB): this bioprinting technique uses a laser as an energy 
source to deposit biomaterials on a substrate, and consists of three parts: a pulsed laser source, 
a ribbon coated with liquid biological materials that are deposited on the metal film, and a 
receiving substrate. The physical principle of LAB is based on the generation of a cavitation- 
like bubble, deep in the bioink film, whose expansion and collapse induce the formation of a 
jet and thus the transfer of the bioink from the ribbon to the substrate, forming a microdroplet 
[47] (Figure 28.7).

• Digital light processing (DLP) bioprinting: works by projecting product cross- sectional 
graphics onto the surface of liquid photosensitive resin using digital micromirror elements 
to project, which allows the irradiated resin to photopolymerize layer by layer (Figure 28.8), 
resulting in a relatively fast printing speed. DLP bioprinting can build products with complex 
geometric features by depositing materials according to digital files. With this bioprinting 
technology, artificial tissues and organs are constructed with precise bionic structure and high 
cell viability [48].

28.8  CONCLUSIONS

A wide variety of hydrogels are currently available for use in bioprinting, with very different proper-
ties and characteristics. Each of them must meet certain minimum requirements, such as maintaining 
high cell viability after the bioprinting process, achieving good structural stability, adequately mim-
icking the tissue to be mimicked, and achieving an internal structure that allows the formation of 
blood vessels and the exchange of molecules, as well as not showing toxicity after implantation in 
the organism and being able to biodegrade. Furthermore, depending on the type of hydrogel, it will 
be more or less suitable for mimicking a specific part of the organism.

In addition to the types of hydrogels, there is a wide variety of types of bioprinting, each with 
advantages and disadvantages depending on the bioink used and the structure to be bioprinted. Due 
to the variety presented by both bioinks and bioprinting methods, together with the discoveries that 
are being made every day in both concepts, it is important to continue studying their properties and 
combinations to standardize methods that make it possible to reproduce specific parts of human 

FIGURE 28.6 Extrusion- based bioprinting.
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FIGURE 28.7 Laser- assisted bioprinting.

FIGURE 28.8 Digital Light Processing bioprinting.
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tissues with the highest possible success rates, bringing bioprinting ever closer to its standardized 
application in laboratories and hospitals as a method for generating personalized transplants.
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29.1  INTRODUCTION

Additive Manufacturing (AM), more commonly known as ‘3D printing’ refers to a wide family of 
manufacturing processes, capable of processing various materials. ASTM standards define AM as 
‘the process of joining materials to make objects from 3D model data, usually layer upon layer, as 
opposed to subtractive manufacturing methodologies, such as traditional machining’ [1]. This layer- 
by- layer material deposition is what makes AM processes unique, providing design freedom and 
manufacturing flexibility, enabling customization, efficient use of resources, multi- functional parts, 
and end parts with high stiffness to weight ratio.

The wide spectrum of AM processes available nowadays can be categorized into seven main  
process families, based on their physical process mechanism. According to ASTM, these process  
families are Powder Bed Fusion (PBF), Directed Energy Deposition (DED), Vat Polymerization  
(VP), Material Extrusion (MEx), Material Jetting (MJ), Binder Jetting (BJT), and Sheet Lamination  
(SL). Each process family may comprise multiple process variants, using different energy sources  
or slight variations of the same main process mechanism. Different material families can be used as  
raw materials, such as metals, ceramics, elastomers, polymers, composites, etc. The raw material  
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feedstock form can be wire, powder, liquid, and sheets. Figure 29.1 introduces the different AM 
process families, alongside their processable material families and feedstock form.

AM benefits can be realized by using the technology in different stages of product develop-
ment and production and different application areas. In general, AM is already used in the product 
development phase since the mid- 1990s (where the term Rapid Prototyping originated from), to 
create proof of concepts, placeholders in larger assemblies, or even functional prototypes of the final 
product. Advances in AM are making it more and more relevant for the production phase though, 
where application areas can be distinguished between using AM indirectly or directly to produce 
end- use parts. Due to the unique characteristics of AM already summarized, end- use parts could be 
either high- performance components, personalized/ mass customized parts, spare parts that can be 
produced on- demand, or aftermarket components and accessories. Bridge production (introducing 
AM for initial production scale- up before transitioning to another technology) is also a promising 
application field, that could help reduce time to market, react faster to demand changes or supply 
chain disruptions, reduce cost and make manufacturing more resilient.

The aforementioned potential AM application areas for the automotive industry are summarized 
in Figure 29.2 and analyzed in the following Sections.

Owing to the unique characteristics compared to conventional manufacturing processes, AM 
processes have significantly disrupted the manufacturing sector worldwide over the last decade. 
This is also reflected in the rapid continuous growth of the AM market worldwide, reaching $13bn 
in 2020, a 20% growth compared to 2019 despite the global effects of the COVID- 19 crisis [3]. This 
trend is expected to continue, with a forecasted compound annual growth rate (CAGR) of 17% over 
the next 3 years, while average predictions show that the AM market is foreseen to double by 2026, 
reaching $37bn. Specifically, regarding the automotive sector, AM has generated $1.39bn in 2019 
and is estimated to grow to $9bn by 2029 from the production of end- use parts alone [4]. MEx is the 
predominant technology used, representing more than 50% of the sales, and pointing towards the 
fact that the main use of AM in the automotive sector is for prototyping and tooling purposes (60% 
according to [5]).

29.2  AM IN AUTOMOTIVE PRODUCT DEVELOPMENT

During the design process of a vehicle, several parts need to be designed and developed by different  
teams of people working on creating different systems, that are assembled to form the final product.  
AM has proven a strong tool for the rapid deployment of prototypes, ranging from proof of concept 
of a particular design (allowing ease of visualization and testing ergonomics for example)  

FIGURE 29.1 AM process families, processable materials, and feedstock forms. Adapted with permission 
[2]. Copyright (2015) The Authors, some rights reserved; exclusive licensee Springer Nature. Distributed under 
a Creative Commons Attribution License 4.0 (CC BY).
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to placeholders used for handling volumetric constraints and ensuring the assembly of different  
components, up to functional prototypes that can be used for functional testing and operational veri-
fication of complete systems.

AM offers a series of unique opportunities during the product development phase, especially 
when compared with currently utilized manufacturing processes, such as machining. AM technolo-
gies make it possible to manufacture prototypes more rapidly and with fewer resources than would 
otherwise be needed for production using conventional methods. Furthermore, since the designers 
utilize the same equipment to print many models rather than buying specific tooling needed for sub-
tractive manufacturing, AM lowers the cost of prototyping by removing the tooling expenditures. 
This enables automotive engineers to make more design adjustments in a shorter amount of time, 
which in turn decreases the time to market. Additionally, AM shortens the lead time of tool manu-
facturing to allow for rapid design modifications while using existing equipment. The use of AM 
allows companies to validate their designs before investing in costly tooling and production setup/ 
changeovers. As such, automobile producers can shorten the product development cycle. Indicative 
examples of how the automotive industry has successfully used AM during the vehicle development 
phase are presented below.

BMW already uses AM in various areas, and mainly in the pre- development, vehicle valid-
ation, and testing phase, such as, in the case of BMW i8 vehicles, where no predecessor vehicles 
existed, the prototype vehicles have been produced primarily with the use of AM [6]. SEAT makes 
use of AM, in the prototype development, in different stages, to evaluate how a product assembly 
works, mostly through the use of PBF. Examples include the replacement of missing elements 
during a prototype assembly with printed ones, to simulate fast and cheap the volume of it and 
the overall assembly procedure [7]. In 2016, Chrysler developed and manufactured the use of VP, 

FIGURE 29.2 Application areas for AM in the automotive industry.
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transparent resin differential housings to analyze the lubricant distribution and flow inside the dif-
ferential components in different conditions [8]. Audi, in the Audi Pre- Series Center in Ingolstadt, 
manufactures prototypes with the use of AM, to accelerate design verification and evaluate new 
design concepts. One example is the tail- light covers that traditionally had been manufactured 
through milling or injection molding, where AM enabled the creation of transparent multi- colored 
tail lights over a single print, while these previously have been produced separately and assembled, 
significantly decreasing lead time [9].

A very important benefit of AM is sustainability improvement and reduced environmental impact. 
During the research of a prototype urban vehicle by [10], it has been demonstrated that AM can pro-
vide a significant advantage in the environmental impact since the particular method achieves a high 
material usage efficiency and the electric energy consumption for low production series can be com-
parable with conventional methods.

From the variety of AM processes available, only a few are well suited to the product develop-
ment phase, being mature enough to provide end parts of the desired quality with consistency, pro-
cess a wide range of different materials, and having a relatively large production rate and low cost 
[11], [12]. The most commonly used family of processes is MEx, mainly for prototyping small to 
medium size items with no strict requirements about small details, surface roughness, and dimen-
sional accuracy. This is due to the low cost of machines and materials, short print times, ability 
to print relatively large parts and little to no expertise needed. Low- cost thermoplastics, such as 
polylactic acid (PLA) are used for prototypes and placeholders, while engineering polymers, such 
as acrylonitrile butadiene styrene (ABS), acrylonitrile styrene acrylate (ASA), polycarbonate (PC), 
polyamide (PA), and thermoplastic polyurethane (TPU) are used for functional prototypes able to 
be flexible or withstand higher temperature, mechanical loading, and/ or exposure to chemicals. VP 
processes are also used extensively, using liquid resins that can achieve high- quality parts in terms 
of surface roughness, dimensional accuracy, and fine features. Additionally, the outputs of the VP 
process can be flexible, transparent, high temperature resistant, and with good mechanical strength 
(depending on the resin system used), covering a wide range of applications for product develop-
ment. However, the process mechanism of VP processes leads to longer print time compared to 
MEx, while the attainable build volume is considerably smaller. BJT is also extensively used, due 
to its unique ability to process ceramics as well as produce full- color prints; a characteristic useful 
for prototypes intended for visual validation of design. Most commonly used materials include PA 
and polypropylene (PP). The last process family applicable in the product development phase is 
PBF; mostly used for functional prototypes as it can produce mechanically robust parts with fine 
details and good dimensional accuracy. Materials for prototyping are limited to various grades of PA 
(including aluminum- , glass-  and carbon- filled variants).

29.3  AM IN AUTOMOTIVE PRODUCTION

29.3.1  indirect use of aM

Indirect use of AM refers to using AM processes for manufacturing components and tools that will 
not be directly used in the final product sold to the customer; instead, they will be used to assist the 
production (manufacturing and assembly) phase of the product. The main value proposition of AM 
in this family of applications is the reduction in lead time and cost (linked with supply chain sim-
plification), in addition to the inherent flexibility of AM allowing the users to create unique tools 
tailored to their specific requirements. Typical applications in this category include the manufac-
turing of jigs, fixtures, and grippers, as well as tooling and molds.

29.3.1.1  Jigs, Fixtures, and Grippers
Jigs and fixtures are devices used to assist in part positioning and assembly. Grippers are mechanisms 
that are electrically, pneumatically, or hydraulically actuated and used to grasp and handle parts in 

 

 

 

 

 

 

  

 



457Additive Manufacturing in the Automotive Industry

a production environment. Conventionally, these devices are often machined from metal (or some-
times polymers) to achieve the required accuracy. Their function often dictates complex geometries, 
which leads to high lead times and costs.

As such, additively manufactured jigs and fixtures use is increasing, as it allows rapid revisions 
based on operator feedback and satisfaction. AM also allows for the reduced lead time when 
switching between different products, or when the product design is revised, creating ‘tooling on 
demand’ and leading to significant cost savings. Another driver for AM adoption in this application 
area is lightweighting. AM allows complex, optimized structures to be built with minimal effort, 
making the tools more ergonomic for human operators, but at the same time reducing the weight of 
grippers used by machines and/ or robots, which allows lower payload robots to be used.

A recent trend in this application category is metal replacement; the redesign or remanufacturing 
of existing components and systems, so that the metallic raw material is replaced with engineering 
polymers [13]. The key driver for metal replacement is the reduced resource consumption for raw 
material manufacturing and the significantly reduced manufacturing cost, compared to metallic 
alternatives. However, the new, polymer- based components should have at least equal properties to 
the original metallic ones. Modern engineering polymers can achieve equal or superior properties 
to their metal counterparts in terms of strength to weight ratio and can provide tailored, superior 
properties regarding heat and chemical resistance in several cases. AM opens up new possibilities 
for the development of reinforced polymer materials with tailored properties, also known as super- 
polymers. The additional advantage of using AM for metal replacement in the manufacturing of 
automotive tooling is that further weight reduction can be achieved through the higher strength to 
weight ratio of engineering polymers compared to their metallic counterparts. This is also often 
accompanied by a further cost reduction, as both processes and materials are lower cost than their 
metallic counterparts.

In terms of application examples, Volkswagen Autoeuropa switched to AM saving over 90% in 
tool development costs (from $800 to $21 per tool) and time (from 56 to 10 days). Aside from the 
cost reductions, AM tools are more ergonomic and result in higher operator involvement since feed-
back is easier to include in the design [14].

A case study has been executed by Ford in their Sharonville transmission plant, regarding pucks 
and work holding fingers for robotic arms. These pucks are used to carry parts down the assembly 
line and are one of the most common tooling components to exhibit failure, leading to a high overall 
replacement cost. By remanufacturing these parts with polymer AM (MEx), and utilizing in- house 
machines, Ford was able to reduce $140,000 per year production costs. The second case study 
coming from Ford refers to work holding fingers for robotic arms. Previously made of metal, these 
fingers resulted in scratching and nicking of the parts that were handled by the robot, introducing a 
cost of more than $1 million per year for Ford. By replacing them with Polyethylene terephthalate 
glycol (PETG) manufactured by MEx, the damages to the parts were eliminated.

A similar case study on cobot grippers, spacers, and end effectors was presented by Thyssenkrupp 
Bilstein. Such components need to be replaced often, due to the different parts that were handled 
with the cobots, with a cost of more than $800 for a replacement. These cobot components were 
replaced with polymer ones, manufactured by PLA or TPU (where a soft, flexible material is 
needed), resulting in a cost per part of less than $5. Some of these components have been in ser-
vice for more than one year, demonstrating the durability of these materials and the equally good 
performance that can be achieved by metal replacement, while minimizing production costs for an 
automotive factory [15].

Typical materials that can be utilized for replacing metal tools, jigs, and fixtures in automo-
tive industries through AM include PLA and ABS where temperature resistance and toughness are 
not critical, engineering polymers such as polyamides and polyethylene, or even high- performance 
engineering polymers, such as reinforced polyamides or polyetherimides, suitable for high load 
bearing applications.

 

 

 

 



458 3D Printing: Fundamentals to Emerging Applications

29.3.1.2  Tooling and Molds
Another important potential area for the application of AM is the manufacturing of molds and 
tooling. These can be used for different purposes (such as manufacturing composite parts, injection 
molding, casting, and forming/ deforming). Depending on the intended use, different materials and 
hence AM processes can be used.

In terms of tooling for composite material parts, the main requirement is a smooth, watertight 
surface in the mold cavity, without any pores that would allow leaks in the mold. As such, the most 
promising process family for this particular application is VP. Since the curing process to produce 
the parts is typically exothermal (it generates heat) and the parts need to be cured at a high tem-
perature, suitable resins should be used. This has been demonstrated through the manufacturing of 
a mold for fabricating a Carbon Fiber Reinforced Polymer (CFRP) steering wheel, where the mold 
cost has been reduced from $900 to $610 and the mold production time has been reduced from four 
to six weeks to two days, compared with an outsourced machined mold [16].

Another promising application is using AM to create injection molding cavities and cores. There 
are two main approaches regarding AM in this application; creating tooling that is better performing 
or creating tooling rapidly and at a low cost, allowing fast and economic small batch production of 
injection molded parts. Aiming to improve cooling performance, a mold was manufactured by DED 
and subsequently machined to obtain the required accuracy and surface finish. The use of DED 
enabled the manufacturing of conformal grid cooling channels, which resulted in a 45% reduction in 
temperature difference between the mold and coolant when compared with the conventional mold; 
this in turn significantly lowers the cycle times that can be achieved for the injection molding pro-
cess [17]. Aiming to reduce the cost of small batch injection molding, a polymer AM process (in this 
case VP) has been successfully used to manufacture a thin cavity mold [18].

A relatively economic way of producing large complex metal parts is by using AM for printing 
casting molds. The predominant process for this particular application is BJT, where a specially 
formulated binder suitable for casting is used in combination with casting sand [19]. ExOne has 
been marketing such systems for a few years now and can demonstrate numerous applications. 
BMW is now utilizing this approach (printing sand via a binder jetting process) to produce casting 
cores for its S58 engine cylinder head, achieving geometrical complexity that would not be possible 
using conventional manufacturing processes [20].

Last but not least, tooling for low- volume forming and deforming processes can be produced 
via AM. The use of polymer tools and dies has been demonstrated as an effective alternative where 
only a few parts are needed. The same logic of ‘metal replacement’ applies here as well, with 
engineering- grade polymers being able to withstand the mechanical loads required. A characteristic 
example involves the design, manufacturing, and testing of a PA- based die, with embedded carbon 
in the filament and metallic inserts for supports for a small production batch of stamped metal 
parts [21].

Even more interesting is the application of metal AM processes, capable of manufacturing full- 
scale tooling used in large volume serial production. Due to the size of tooling required by the auto-
motive industry, the predominantly used process family is DED (both LMD and WAAM). The direct 
costs of AM tooling regarding stamping processes are higher than conventional methods, mainly 
due to equipment costs and post- processing steps [22]. However, AM tooling can provide a net eco-
nomic benefit to the manufacturer, due to fewer process steps required to manufacture it, simplified 
supply chains, and significantly reduced lead time [23] compared to conventional manufacturing 
methods. Using AM allows the tooling manufacturer to build the vast majority of the volume of 
the tool in a relatively low- cost metal, whereas AM can be used to deposit high- performance alloys 
on top of it, that can exhibit increased hardness, meeting the performance requirements of the hot 
extrusion die for automotive parts [24]. In addition, the inherent flexibility of the process allows 
the integration of geometrically complex heating/ cooling channels within the tool, improving its 
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performance. Hot stamping dies have been manufactured through LMD and milling [25], to illus-
trate the potential of conformal cooling channels on the die. This enabled an improved temperature 
distribution, leading to lower cycle times, thus increasing the efficiency of the hot stamping process.

DED processes can also be used to extend the service life of tooling, by removing damaged 
areas and depositing new material on them. Bilsing Automation has been offering repair of auto-
motive stamping dies through the LMD process, without having to reproduce the malfunctioning 
part [26]. Upon post- processing (needed to achieve the required tolerances and surface quality 
characteristics), the tooling can enter service again, with significant environmental and economic 
sustainability benefits for the end user.

29.3.2  direct use of aM

While AM use during the product development phase, and also the production phase through 
tooling applications, is slowly becoming established practices in the industry, end- use parts are 
still hampered in terms of AM uptake. Disruptive technologies (such as AM) are typically first 
undertaken, demonstrated, and tested in an environment that can support the required high expenses 
for research and development activities (R&D) [27]. In motorsport, race teams collaborate with 
automakers to examine innovative solutions which can offer a competitive advantage. However, 
what is suitable for industry interested in making a few cars per year is rarely applicable for mass 
production. Nevertheless, the technological progress of R&D departments and their close link with 
automakers (Renault- Renault F1, McLaren Automotive- McLaren F1) accelerates the adoption of 
advanced technologies in automotive industries with limited edition and mass production vehicles. 
Indicative examples of this technological exchange are the use of carbon fiber as structural material 
[27], [28] and the Kinetic Energy Recovery System (KERS) which have been developed and fully 
adopted into the motorsport environment before adoption from the automotive industry [29], [30]. 
A similar timeline and technology exchange is expected in AM.

AM can offer a series of production- related benefits to manufacturers, including simplification of 
the supply chain, increased resilience, reduced time to market, and reduced costs. Most of the AM 
production benefits are listed below.

• They enable geometrically complex, customized designs to be realized, leading to improved 
performance (heat exchangers, seat support structures, etc.) of the respective components.

• They produce lightweight parts due to unique process characteristics that enable to use of 
material where is needed, creating hollow structures/ cavities that cannot be made with con-
ventional processes.

• They provide optimized parts in terms of load paths to avoid excessive use of material, leading 
to less raw material needed and less waste.

• They allow parts consolidation, creating complex geometries in one piece instead of using 
assembly and fixation parts/ methods (screws, retaining rings, welding, or adhesives) reducing 
the number of parts for a product with certain functionalities, thus reducing time and cost.

• They provide flexibility in production lines since different designs and materials can be 
produced using the same equipment.

• They enable on- demand production since AM processes do not require significant machine 
setup before the process.

• They contribute to reduced energy consumption and emissions during the operation of 
the vehicle, due to lower weight and reduced moment of inertia that can be achieved for 
rotating parts.

• They contribute to the increased lifecycle of components (bearing, mounts, tires, brake pad) 
due to reduced weight of the vehicle, contributing to sustainability.
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A field of particular interest is the use of AM technologies in combination with advanced engin-
eering polymers to replace conventionally metallic components, as it has significant potential for 
cost reduction. However, while metal replacement in automotive tooling is quite straightforward, 
when it comes to end- use parts directly used in automobiles, several attributes need to be considered 
for part conformity. First and foremost, the strength (either ultimate or fatigue) of the polymer 
counterparts should be equal or superior to the original metal components. Additionally, high per-
formance in elevated temperatures is required to ensure part conformity, since automotive parts are 
very often subjected to high thermal loads. Furthermore, additional aspects of polymer materials, 
and more importantly the ability to create polymer materials with tailored properties, are related 
to their chemical resistance and durability in harsh environments (e.g., contact with an engine or 
transmission oils, corrosion resistance, etc.). The aforementioned attributes dictate the available 
materials that can be utilized. In general, high- performance engineering polymers are preferred 
for automotive parts, such as polyether ether ketone (PEEK), polyether ketone (PEKK), PA, etc. 
Another very important attribute that enables metal replacement through AM for automotive parts is 
their ability to be reinforced. Carbon reinforcement is a very typical option for metal replacement in 
the automotive sector, as it can provide material properties very close to aluminum, which is one of 
the key materials constituting a vehicle. Furthermore, the use of polymer materials for automotive 
parts can provide superior properties, compared to metals, in other aspects that are equally important 
for the optimal operation and ride quality of the vehicle. AM polymers can improve the insulation 
characteristics of a part, reduce Noise, Vibration and Harshness (NVH) of the vehicle, and provide 
abrasion resistance and self- lubricating functions, due to their very low friction coefficients.

One of the most promising applications for metal replacement through AM in automotive parts is 
the use of PEEK to manufacture polymer gears. PEEK is a high- performance polymer with excellent 
properties for its use in gears manufacturing. Such properties include high strength, self- lubrication 
capabilities, low coefficient of friction, abrasion resistance, high service temperature (260 oC), and 
chemical resistance to oils and petrol. Due to these properties, PEEK gears can achieve significantly 
lower inertia and effectively reduce the vibration and NVH during their operation, compared to 
their metal counterparts. As such, AM PEEK gears have been used in automotive parts, such as seat 
mechanisms and internal mechanical components [31]. Additionally, some case studies have been 
presented by Roboze, where Carbon filled PA and PEEK were used to replace metal to manufac-
ture supporting brackets and covers. The ability of these materials to withstand engine operating 
temperatures and contact with petrol and oils, along with their high strength, rendered them as suit-
able alternatives for their metal counterparts that were usually manufactured from aluminum [32]. 
The sectors where direct use of AM process is identified alongside the related benefits are described 
in the following sections.

29.3.2.1  Parts with Improved Performance
The complex internal structures, optimized load paths, and the case- dependent infill percentage/ part 
density make the AM end parts have improved performance, equipping mostly high- performance, 
limited edition, and low production volume cars with lightweight and high- quality components 
aiming to improve the overall performance and efficiency of the vehicle.

Fiat Chrysler Automobiles (FCA) with the aid of the Fraunhofer Institute provided a very 
interesting concept for the development of a wheel carrier with an integrated brake caliper [33]. 
This part will be made with a PBF- LB process. Different metals alloys have been tested aiming to 
provide high structural and thermal behavior and reduced weight. This unique part aims to combine 
an assembly of 12 parts (including a wheel carrier, a heat shield, brake caliper, etc.) into one, redu-
cing not only the manufacturing time of the individual components but also the total weight (36% 
weight reduction) considering that multiple joints and screws will be avoided.

Porsche and Bugatti are also interested in the application of AM in their high- performance 
cars. Porsche has used PBF- LB alongside a high- strength alloy M174+  aluminum alloy to create a 
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topology- optimized piston with internal cooling channels, for the engine of its flagship Porsche 911 
[34]. This design with the integrated cooling duct into the component’s ‘crown’ has contributed to 
10% weight reduction, increased engine speed, reduced temperature load, and optimized ignition 
that has led to an increase of 30 BHP to the engine’s horsepower compared to conventional forged 
pistons.

Porsche has also developed an AM aluminum housing for the complete electric drive unit, inte-
grating it into a two- speed gearbox. The process selected was PBF- LB, and the housing achieved 
approximately a 10% reduction in the overall weight while increasing up to double the stiffness in 
the high- stress areas, in comparison with the conventional casting process. The use of AM enabled 
additional design freedom, which reduced the number of parts needed to be assembled to form the 
final unit [35].

Bugatti has created additively manufactured titanium exhaust tailpipes and brake calipers. Both 
parts are made through PBF- LB in a titanium alloy, and they are placed in Bugatti Chiron, which is 
a limited- edition sports car [36], [37]. Some of the functionalities are common for both parts; high- 
temperature resistance and minimized weight are significant aspects considering their applications. 
The brake caliper handles the high temperature of brake rotors and pad while being part of the 
unsprang mass of the vehicle which increases the importance of minimized weight. Bugatti says 
that the AM brake calipers weigh 40% less (4.9 kg to 2.9 kg) compared to the alternative solution 
made with conventional machining while they offer higher stiffness than before due to topology 
optimized design. On the other hand, the tailpipes should manage the exhaust heat and their weight 
should be reduced.

Another application includes the design of a topology optimized engine mount for a diesel engine 
that can serve also as an arching pulley that provides tension to the belt driving the vehicle cooling 
system, produced by PBF- LB [38]. The optimized part reduced the weight and the volume of the 
components needed to serve these two functionalities.

In a similar ethos, an engine subframe produced previously by the casting of AlSi10Mg alloy 
has been redesigned using topology optimization, exploring the design freedom enabled by using 
AM processes [39]. The process used was PBF- LB with powder material of similar chemical com-
position of Aluminum AlSi10Mg. The final weight reduction of the part was more than 20%; from 
2.2 kg to 1.71 kg.

Managing temperatures in the engine head/ block and their parts becomes relevant through the 
turbocharging era of engines, which leads to high exhaust temperatures. AM allows hollow engine 
valves to be manufactured, using the cavity of the valve for cooling through internal liquid sodium. 
Hollowing also enables mass reduction, reducing parasitic losses and improving the valvetrain 
dynamic response for overall improved engine performance and efficiency [40]. The valve was 
printed using PBF- LB in Inconel 718, thanks to its good mechanical properties across high 
temperatures. A weight reduction of 29.4% was achieved while only increasing the stresses by 12%. 
Nevertheless, AM could only be suitable for motorsport and low production volume applications 
due to the increased cost.

29.3.2.2  Personalization and Mass Customization
Due to the geometrical flexibility, fully digitalized process, and minimal (or even zero when no 
material change is needed) changeover time and cost, AM is ideal for lot- size one production. This 
is a key enabler of personalized and mass customized production, one of the hot topics in the auto-
motive industry.

Porsche provides additively manufactured personalized bucket seat inserts, made from TPU 
powder using a BJT process [41]. This fully customized part comes along with a lightweight struc-
ture and a minimized environmental footprint aiming also to link the motorsport nature of the brand 
with more conventional vehicles. Moreover, the customer can select the desired firmness levels: soft, 
medium, and hard, ensuring a perfect fit for the customer’s body.
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Stellantis is offering accessories that can be individualized and produced via AM, through the 
new Peugeot 308 series. The material used for printing is a flexible polymer while the selected AM 
process is BJT. A range of accessories is offered, such as sunglasses, cup or phone holders. The use 
of AM enhanced design freedom, as also the agility of the production toward the different consumer 
demands [42].

29.3.2.3  Spare Parts on Demand
Spare or replacement parts for older vehicles are often discontinued, as maintaining them in stock 
comes with a significant overhead cost for automotive companies. AM processes can provide parts 
on demand, without any change/ modification of the machine set up. Only the 3D CAD model and 
the part requirements are required to produce spare parts for old cars that have been out of stock. On 
the other hand, significant time and resources are needed to re- produce these parts conventionally. 
Therefore, AM seems to be perfect for producing spare parts on demand, contributing also to inven-
tory reduction while releasing machine tools and tooling for series production.

BMW has been able to manufacture spare parts for restoring the door handle and window lever 
of the legendary BMW 507, with the use of AM [6]. Graphite AM company has produced together 
with Eagle, a company that restores E- Type Jaguars, a heater/ air conditioning duct that fits under-
neath the dash top that has better quality and fits better than the cheaply produced OEM part, which 
is hard to find due to the age of the vehicle [43]. Wolfs Engineering has also developed a heat and 
fuel- resistant air intake manifold for a 1970s Classic Mini which was hard to find on the market and 
the second- hand parts were too expensive. They have also developed velocity stacks for the intake 
that improved the power of the engine by almost 10%. The products are now sold to other Mini 
enthusiasts, while the company also teamed up with a Mazda car restoration specialist to further 
expand their business [44].

Porsche runs a program for cost- effective part replacement by creating spare parts for rare and 
classic cars with AM processes, to ensure customer satisfaction. For the provided parts they use the 
PBF- LB process for metal parts and polymer parts, alongside suitable materials for each specific 
case [45]. Each part is inspected with Non- Destructive Testing techniques, to ensure the high quality 
and performance that is expected from Porsche. Among the parts that are made with AM, processes 
are the clutch of Porsche 959, a filler cap, a crank arm, and a variety of brake parts. Similarly, AUDI 
provides water connectors for the W12 engine that are made from Aluminum alloys using the PBF- 
LB process [46].

29.3.2.4  Aftermarket/ Niche Accessories
This category could fit under the mass customization one; however, aftermarket accessories are typ-
ically standardized products, exhibiting higher performance, and sold individually in much smaller 
quantities. AM is slowly increasing in presence in this field as well, mainly due to design freedom 
and suitability to small lot sizes, allowing for components to be optimized performance (including 
reduced weight) compared to the ones they replace, as well as for individualization/ personalization 
of products. This category includes both polymer and metallic components.

In terms of polymer components, the primary target market is manufacturing personalized 
interior car accessories. These can be used to retrofit new technology to older generation cars (in- car 
infotainment systems for example), but also to individualize and personalize the vehicle interior. 
This concept is slowly endorsed by OEMs as well; as an example, Ford has released CAD files that 
allow owners and aftermarket companies to design and manufacture via AM their accessories [47].

In terms of metallic components, the main goal is to produce parts with increased perform-
ance. Most applications are currently focusing on flow improvements (such as engine intake and 
exhaust systems [48]); this is possible due to the design flexibility enabled by AM. In addition, AM 
allows for light- weighting (and thus further increased performance of the components), as it can 
produce much thinner walls without pores when compared with casting processes which would be 
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the alternative for such components. Coupled with topology optimization, AM can also enable the 
manufacturing of lightweight structural components, such as wheels [49].

29.4  DISCUSSION

As it is evident from the previous section, AM processes are very well positioned for several uses 
within the automotive manufacturing environment. This is particularly true when used as production 
assistive technologies. Nevertheless, it can be deduced that in terms of end- use parts, automakers 
have decided to adopt the AM processes mostly in concept - limited edition cars. The main reasons 
for this are:

• High investment costs. The investment cost for AM machines and post- processing steps, as 
well as the cost of design services (topology optimization) for optimized load paths and con-
formity to Design for AM guidelines, are factors that contribute to increased AM costs. On 
top of that, the low maturity of AM processes dictates an iterative approach until a successful 
result is achieved. In addition, post- processing steps to achieve the desired surface quality, 
dimensional accuracy, and material properties are case- dependent, which means that these 
steps are required each time a new concept comes to the design office. This leads to the con-
clusion that significant funds are required, which can be covered only by increasing the selling 
price of parts.

• Low production rates. The multiple steps that are required after the AM process until the part 
be ready for use, alongside the significant time that is required for each one of these processes 
make them suitable for small batches that can be used either in limited edition cars or as spare 
parts for classic vehicles. In addition, they can be used in fully customized vehicles that always 
need extended delivery time or need to be developed based on the customer requirements.

• Low maturity of processes: Many of the parts that are manufactured through AM are 
prototypes or used in prototype vehicles aiming to prove the capabilities of this advanced 
manufacturing technology. To this end, automotive industries prefer mainly cars with short 
and strictly specified maintenance schedules, examining extensively these parts. It is true to 
say that industries want to take advantage of this technology more in the future so they will 
find the proper way to standardize all the required aspects and speed up the adoption of AM 
processes in a wider range of applications in the automotive industry.

• Small working envelope. Automotive companies are increasingly investing in modular and 
multi- functional concepts that can enable them to use the same basic platform for as a large 
variety of car models as possible, without significant needs for hardware reconfiguration in the 
production line. This flexibility could be provided through the use of AM, as demonstrated by 
a sports car that uses chassis components made through AM [50], enabling customized sus-
pension behavior by selecting suspension type (push rod, pull rod, etc.) or different wishbone 
designs/ materials. However, large- scale AM chassis components are not a viable option with 
the currently available AM technologies and machines.

A critical factor in the successful implementation of AM in an automotive environment is 
understanding the opportunities and limitations of available AM technologies, and following a 
structured approach for selecting candidate parts, materials and processes.

The first step involves selecting parts from the portfolio of the company that could be candidates 
for transitioning to manufacturing using AM. Selection can be done based on technical or economic 
criteria, or most commonly a techno- economic approach containing both. Successful implementa-
tion examples given herein could act as a starting point for companies. A list of criteria that should 
be examined and taken into account when deciding on potential parts that can be produced via 
AM should be created. This will act as an initial checklist, ensuring that the users will consider the 
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correct factors and will not overlook any aspects in this initial decision- making process. Parts that 
exhibit the following characteristics are in general good candidates for production with AM and 
should be prioritized:

• Parts with high geometric and functional complexity. This includes parts whose performance 
could be improved by increasing their complexity.

• Parts that reducing weight is important.
• Parts with frequent design revisions, both for operational reasons but also due to customiza-

tion/ personalization potential.
• Parts whose tooling costs represent a large percentage of the total cost of the part.
• Parts with elaborate and time- consuming assembly and joining procedures (typically fabricated 

assemblies).
• Parts with high purchase value or manufacturing costs can be prioritized.
• Parts with high inventory cost.
• Parts with relatively low production volume and/ or low demand rate. This implies on the cycle 

time; parts with short cycle times should be avoided.
• Parts that normally have a high MOQ from the supplier (or a very elaborate and costly process 

to set up for internal production).
• Parts with a normally long lead time.
• Customer critical parts (high- demand parts that are critical to the business operation) should 

normally be avoided. Nevertheless, in times of supply chain disruption, AM should be 
examined as a potential solution for reducing lead time for CCPs.

• Obsolete parts/ spare parts on demand.

Upon selecting candidate parts, their operating conditions and environment (in terms of loads, 
temperature, electrical, thermal, and chemical properties) should be defined, select suitable materials 
for the application. AM processes are limited in terms of processable materials, so a general know-
ledge of the material families available can be beneficial. It is worth mentioning that AM part prop-
erties are generally anisotropic (with lower values on the z- axis), which however can be mitigated 
through post- processing. In addition, the material properties of AM components are generally lower 
compared to machined and/ or forged components made from the same material.

The main factors that affect the selection of a particular AM process are the size and accuracy 
requirements for the part. In general, parts with low to medium precision requirements (tolerances, 
surface roughness) should be considered to be produced with AM. Moreover, AM machines typic-
ally have a smaller working volume compared to their conventional counterparts. The selection of 
appropriate material(s) can also influence the AM process to be used, as not all process families are 
capable of processing all materials. A general guideline (including typical build volume sizes and 
processable materials) is given in Table 29.1.

29.5  CONCLUSIONS

Due to their unique characteristics, AM processes find an increasing number of applications in the 
automotive environment; from product development to production phases, either for the creation 
of prototypes, tooling, or direct production of parts. Each application area has its requirements; as 
such different kinds of AM processes and materials are applicable in each one of those, leveraging 
different aspects/ competitive advantages granted by the technology.

A booming application field that is going to significantly increase in the coming years is the 
indirect use of AM. Placeholders and prototypes built with AM are becoming commonplace, with 
polymer AM tooling (jigs, fixtures, and grippers) also gaining traction. Nevertheless, these are 
relatively low- cost, low- risk, low- return investments. One of the most promising applications that 
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TABLE 29.1
Summary of AM Process Families, Materials, Build Volumes, Prost Processing Needs, Target Applications and Competitive Advantages

Process, Mechanism, Build 
Volume (mm3) Typical Materials

Post- Processing 
Needs Target Applications Competitive Advantage

PBF
Melting and solidification of powder 

particles in a powder bed
Typical:
250x250x250
Maximum:
750x550x550

• Polymers (PA6, PA11, PA12, 
Glass/ carbon- filled PA, PP, PEEK)

• Metal alloys (Steel, Titanium, 
Tungsten- based superalloys, 
Nickel- based superalloys, Cobalt 
chrome, Copper, Precious metals)

• Heat treatment
• Supports 

 removal
• Machining to 

meet tolerances
• Surface finishing

• Direct metal and polymer part 
production

• Conformally cooled tooling
• End- use parts with good mechanical 

properties

• Low cost from a material point 
of view

• Strong and durable parts
• Minimal / no support material 

required for polymer PBF
• Good dimensional accuracy

DED
Melting and solidification of powder 

or wire directly in the process area
Typical:
800x800x600
Maximum:
6000x2000x2000

• Weld- able metals available in 
powder or wire form (Steel alloys, 
Titanium alloys, Aluminum alloys, 
Nickel- based superalloys)

• Heat treatment
• Machining to 

final shape
• Surface finishing

• Parts where a near net shape is 
acceptably machined as a secondary 
operation

• Repairing damaged or worn parts
• Large scale tooling

• High deposition rate
• Large build volume
• Good mechanical properties
• Suitable for repairs

VP
Photo- polymerization of liquid resins
Typical:
145x145x175
Maximum:
1500x750x550

• UV Curable photopolymer resins 
(PC- like, PP- like, ABS- like)

• Ceramic filled resins

• UV curing
• Supports 

removal
• Surface 

finishing/ 
treatment

• Functional transparent prototypes
• Composite parts tooling
• Short- run injection molding tooling
• Intricate parts with small details
• Replacement of injection molded 

parts

• Very high accuracy
• Best surface finish
• Can produce transparent parts
• Isotropy in properties
• No porosity
• Wide range of material properties 

depending on the resin system used
MEx
Melting, extrusion, deposition, and 

solidification of the material
Typical:
200x200x200
Maximum:
1000x1000x1000

• General purpose polymers (PLA)
• Engineering polymers (ABS, 

PETG, ASA, PP, PC)
• High- performance polymers (PPSF, 

PPSU, PEEK, PEKK)
• Particle or fiber- reinforced polymers
• Metal filled polymers

• Supports removal
• Debinding & 

sintering (for 
metallic parts)

• Surface finishing

• Proof of concept prototypes
• Placeholders
• Jigs, fixtures, and grippers
• Forms and dies

• Most affordable machines
• Prints in standard engineering 

thermoplastics
• Low- cost materials available
• Easy to use
• Versatile in terms of size

(continued)
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Process, Mechanism, Build 
Volume (mm3) Typical Materials

Post- Processing 
Needs Target Applications Competitive Advantage

MJ
Melting, jetting, and solidification
Typical:
380x250x200
Maximum:
1000x800x500

• UV- photosensitive resins
• Acrylic photopolymers (thermoset)
• Polypropylene, HDPE, PS, PMMA, 

PC, ABS, HIPS, EDP

• Supports 
removal

• UV curing
• Surface finishing

• Proof of concept prototypes
• Investment casting patterns
• Short- run injection molding tools

• Good surface finish
• Can produce transparent parts
• Can produce multi- material and 

full- color parts
• Can make wax parts for 

investment casting
BJT
Joining of powder particles 

through binder
(adhesive)
Typical:
800x500x400
Maximum:
2200x1200x600

• Metals
• Ceramics
• Polymers

• Surface finishing
• Sintering (for 

metallic parts)

• Proof of concept prototypes
• Functional prototypes
• Sand- molds for casting
• Ceramic parts
• Metal part production (with 

sintering)

• Fast process without the need for 
support

• Wide variety of powder materials
• Can produce full- color parts
• Can make metal parts (after 

sintering)

SL
Cutting sheets of material per layer 

and adhesive bonding
Typical:
260x380x380
Maximum:
800x500x500

• Paper
• Polymer film
• Composites

• Surrounding 
material removal

• Surface finishing

• Very limited prototyping 
applications

• Low cost
• Environmentally friendly
• Ease of material handling

TABLE 29.1 (Continued)
Summary of AM Process Families, Materials, Build Volumes, Prost Processing Needs, Target Applications and Competitive Advantages
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would significantly disrupt the industry is the use of AM to produce tooling for series production; 
either conformally cooled injection molding cavities, or hot stamping forms and dies, as it can offer 
massive benefits in terms of cycle time reduction and process performance. Low- cost AM tooling 
for small volume production is expected to also increase in use, albeit with limited effects on the 
industry at large.

In terms of end- use parts, expecting AM technologies to replace conventional manufacturing 
processes for mass- produced components is unrealistic. However, AM is going to be increas-
ingly used in niche market vehicles due to increased performance. This is expected to be further 
supported by decreasing costs and increased robustness of available AM machines, combined with 
the emergence of low- cost engineering polymers with much improved properties, that could be used 
to replace conventionally metallic components, even in semi- structural applications. In addition, 
the flexibility granted by AM processes makes them ideal for mass customization applications, an 
ever- increasing trend in the automotive sector. On- demand production with minimal need for the 
reconfiguration will boost AM’s use for producing obsolete spare parts for classic cars. This is a 
benefit that will also lead to increased adoption of AM in the aftermarket sector, where increased 
performance and the need for personalization are key, and production volumes and/ or rates are sig-
nificantly lower.
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30.1  INTRODUCTION TO 3D PRINTING AND THE IMPORTANCE OF ON  
AND OFF- SITE PRODUCTION

The additive manufacturing (AM) process, or 3D printing, builds an object by depositing successive 
layers of the printing material on top of each other. 3D printing is versatile and customizable, does 
not require molding tools, allows high design flexibility, and enables free- form fabrication, making 
it a technology that can be applied in many sectors of industrial production [1], [2]. Additionally, 
new applications for 3D printing are continuously emerging as new technologies and materials 
are established. As 3D printers have become more affordable and popular, it has been common 
to see them in spaces such as laboratories, houses, and schools being used for prototyping, the 
printing of educational items, individual objects, and simple maintenance parts[3], [4]. Its use in 
the construction industry has also been developed and is a great example to demonstrate how 3D 
printing can also be used for the production of complex structures from different types of materials. 
Whereas 3D printing technology was once restricted to designers and engineers, recent advances 
and improvements have made 3D printing more affordable and even more versatile.

Currently, there is a wide range of AM techniques that comprise different types of materials.  
Although polymers are the most popular type of material for 3D printing, especially for prototyping,  
it is also possible to obtain printed parts from ceramics, metals, concrete, and composite materials,  
as well as hybrid and functional materials[3], [4]. These materials are employed as solids, liquids,  
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or powders, depending on the processing technique applied [1]. AM techniques can be classified  
according to the type of material used, as summarized in Figure 30.1.

The most common method for 3D printing is Fused Deposition Modelling (FDM) due to its 
accessibility and ease of use. This method employs a filament wire made of a thermoplastic polymer 
that is heated to reach a semi- liquid state and then extruded through a size- controlled nozzle [5]. 
Besides FDM, which is an extrusion technique, contour crafting (CC), stereolithography (SLA), 
digital light processing (DLP), powder bed fusion processes, inkjet printing, direct energy depos-
ition (DED) and laminated object manufacturing (LOM) are currently used technologies for 3D 
printing [3]. The main AM methods used are summarized and briefly explained in Table 30.1, based 
on the technology they apply.

As discussed above, the versatility and flexibility of 3D printing, as well as the varied avail-
able techniques and the possibility of applying different types of materials are characteristics that 
make 3D printing a suitable tool for different applications. The flexibility of 3D printing is espe-
cially interesting when we consider areas with constrained access for different reasons, such as war 
zones, areas affected by natural disasters, or blocked access due to political conflicts. In such cases, 
developing and fabricating necessary objects locally or as close as possible to the application place 
with speed and flexibility is essential to supply medical, protection, defense, and maintenance tools.

In this sense, it is important to highlight the concept of on and off- site production, as well as the 
role of 3D printing in these scenarios. On- site production means that the required object or structure 
is fabricated at the same place as it will be applied, while off- site production has the required part 
fabricated in one place, such as a production or distribution center, and then transferred to where it 
will be applied. When considering remote locations or places with constrained access, 3D printing 
can be used to perform both on and off- site production of required objects, as it presents flexibility, 
fast production and many 3D printers can be easily transported. Off- site 3D printing has been widely 
employed in the construction industry, for example, where robust printing machines are required to 
obtain more complex structures, which are then transported to their place of application. However, 
3D- printing technologies such as FDM and SLA can be transported to remote locations, as they are 
usually small machines that do not require additional equipment.

In this chapter, different applications of AM are explored, always considering its flexibility and 
potential to assist in remote locations or restricted regions. Given this scenario, applications for the 
defense industry are addressed, considering military and machine maintenance, as well as possible 
applications for humanitarian actions including medical and protection equipment, the printing of 
individual objects, and resources for water treatment and purification. Figure 30.2 presents a scheme 
of the possible applications of AM that will be explored.

FIGURE 30.1 Examples of 3D printing processes classified according to the physical state of the precursor 
material.
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30.2  MATERIALS AND STRATEGIES IN 3D PRINTING FOR DEFENSE 
APPLICATIONS AND HUMANITARIAN ACTIONS

As previously mentioned, the flexibility and speed of 3D printing make it a suitable technique to 
supply required objects in areas with limited access, where the traditional manufacturing process 
would find obstacles such as complicated logistics and shortage of raw materials. In this sense, 3D 
printing is an important tool for defense applications and to help humanitarian actions in times of 
crisis, such as in war zones and places affected by conflicts and natural disasters.

3D printing has been increasingly adopted by the defense industry worldwide, comprising a  
sector that is expected to be worth 1.7 billion dollars by 2027 [7]. This impressive growth is expected  
as governments and armed forces around the world have recognized the potential of AM to shorten  
supply chains, reduce costs, and promote military readiness by 3D printing all types of parts, from  

TABLE 30.1
Summary of Main Additive Manufacturing Methods, Separated Based on the Technology 
They Apply [1], [3], [4], [6]

AM Technique Process Materials

Material extrusion Fused deposition 
modeling (FDM)

The solid material is extruded through 
a nozzle at appropriate temperature, 
deposited onto a heated platform and 
then layer- by- layer

Thermoplastic filaments, 
composites (solids)

Contour Crafting 
(CC)

Applying high pressures and large nozzles 
allows for the extrusion of material for 
large structures

Concrete or soil, as a 
concentrated dispersion 
of particles (ink or 
paste)

Photopolymerization Stereolithography 
(SLA)

A photocurable resin is hardened 
with a laser as a platform moves 
downwards after each layer of liquid 
resin is cured

Liquid photopolymers

Digital Light 
Processing (DLP)

The resin is cured with a projector Liquid photopolymers

Powder bed fusion Selective Laser 
Melting (SLM) 
and Selective Laser 
Sintering (SLS)

A laser source is used to melt or sinter a 
fine powder bed which is then fused on 
top of a previous layer

Compact fine powders 
of metals, alloys, and 
some polymers (solids)

Material jetting Inkjet printing (3DP) A stable material suspension is pumped 
and deposited as droplets via the 
injection nozzle onto a substrate

Ceramics, metals, 
polymers

Direct Energy 
Deposition

Laser Engineered Net 
Shaping (LENS)

A laser is directed to a small region of the 
substrate and used to melt the feedstock 
material simultaneously. The melted 
material is deposited onto the melted 
substrate and then solidified after the 
laser is moved

Metal wire or powder 
(solid)

Electron Beam 
Melting (EBM)

A metal wire is melted by using an electron 
beam and forms an object layer by layer

Metal wire (solid)

Sheet lamination Laminated Object 
Manufacturing 
(LOM)

Layers in sheet form are cut with a 
mechanical cutter or laser, and then 
linked together

Metal- filled tapes, 
polymer composites, 
ceramics (solid)
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individual objects to be used in the field, such as rifle grips, to engine parts and bunkers to support  
soldiers in the field [8].

Equipment for soldiers’ protection is one example of how 3D printing can be used for defense 
applications. The US army and the 3D design company General Lattice have been working on a 3D- 
printed helmet with advanced lattice geometries that intends to provide better impact absorption and 
improve soldier protection in the field [9]. The development of materials with outstanding physical 
and mechanical properties is also required to obtain efficient protection equipment. Carbon- based 
composites, for example, have been widely explored for their applications in the defense industry. 
In this sense, some works have demonstrated the potential of 3D printing to obtain carbon- based 
composites with great mechanical properties [10], [11]. Tian et al., for example, have presented a 
continuous fiber reinforced thermoplastic composite (CFRTPC) based on continuous carbon fiber 
and polylactic acid (PLA), obtained by fused deposition modeling, with easy control of fiber content 
and advanced mechanical performance [11].

In addition to individual protection equipment, AM can also be used to produce weapons parts in 
a short period of time, allowing for fast repairing of damaged weapons. In the field, the possibility 
of repairing weapons based only on the damaged part, without the need for transportation of spare 
parts, could save time, and improve combat power [12], [13].

AM can also be used for transportation and shelter of military units. A 3D- printed runway has 
been developed for military expeditionary airfields using direct metal laser sintering technology. 
A runway is a component used on weaker ground surfaces to allow military aircraft to land and take 
off safely [7]. Ships also benefited from 3D printing: a ship’s propeller has been produced, this time 
using wire arc AM process and mainly bronze material, greatly reducing the construction time and 
minimizing the amount of material used [14]. In a more ambitious project, the US military intends 
to 3D print the structure of combat vehicles in one piece, which will significantly reduce the cost and 

FIGURE 30.2 Applications of AM: 3D printing can be applied in the defense and aerospace industry, 
individual protective equipment as well as diverse individual objects, water treatment, and purification, parts 
for maintenance of machines, and medical and humanitarian applications.
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weight of vehicles. The type of structure aimed by the US military, called the monolithic hull, is not 
a new idea, however, the available manufacturing technologies so far did not prove cost- effective nor 
suitable for large- scale production. With AM the production of monolithic hulls can be faster and 
provide a better design that will make the structure more durable [8].

AM can also be used to fabricate barracks and bunkers for military shelter, as well as more com-
plex structures such as bridges to facilitate the movement of military units. The manufacturer Icon 
has demonstrated the construction of a concrete structure for a bunker able to hide a truck- mounted 
multiple rocket launcher system in just 36 hours, as well as training barracks. The system uses 
robotic 3D printers and quick- drying cement- based material to fabricate large structures that are 
then assembled into the desired layout [7], [8].

Aside from defense applications, 3D printing in areas with limited access can also greatly benefit 
humanitarian actions by providing required supplies in times of need. A great example of how AM 
can be applied to help the population in restricted areas due to wartime is currently found in Ukraine, 
where an invasion from Russia started in February 2022: a small number of printers and printing 
filament were sent to Lviv, in western Ukraine, not long after the conflict started, and then a bigger 
team has joined the initiative to gather 3D printer owners across Europe available to print needed 
items. This initiative has been able to produce and send to Ukraine protective gear, tourniquets, 
medical equipment such as periscopes, and drones [15]. Another recent example is the COVID- 19 
pandemic, which had its outbreak in March 2020 and, due to the intense and sudden demand, many 
medical and individual protection equipment were in dangerously short supply. 3D printing tech-
nology was widely used to provide local and fast replacements for these items. Furthermore, the 
mobilization that took place at this time has shown many emerging applications for 3D printing and 
greatly strengthened the outreach of AM [16].

Humanitarian assistance can be defined as the actions taken to save lives, alleviate suffering and 
maintain human dignity during crises caused by man or natural hazards, as well as actions to prevent 
and strengthen vulnerable regions against such situations [17]. In this sense, humanitarian actions 
include the provision of resources such as food, water, basic hygiene items, individual protection 
equipment, and medical supplies, as well as safe shelter when needed.

AM can have a great impact on humanitarian aid actions as it provides a versatile and fast alterna-
tive to fabricating parts. It can be used to provide missing or replacement parts that would take a long 
time to arrive, allowing workers to design and fabricate needed parts on demand. This can be applied 
for both infrastructure demands, such as transportation and housing, and medical equipment, to keep 
them functional during the crisis [18].

It can also be applied to provide housing infrastructure [19], individual objects, as will be further 
discussed, and to produce different types of devices, such as medical and biomedical equipment 
(for example, stethoscopes, umbilical cord clamps, microscopes, and defibrillators) [20], miniature 
diagnostic kits and different electrochemical devices, such as sensors for different applications [21].

30.3  3D PRINTING FOR INDIVIDUAL OBJECTS

Applications of 3D printing for fabricating individual objects are numerous and varied. Firstly, 
this technology is continuously employed and improved by the army to enhance the capability 
to produce smaller and lighter precision weaponry. Researchers from the US Army Aviation and 
Missile Research, Development, and Engineering Center (AMRDEC), for example, are creating 
nano- based structures and components for advanced weaponry, aviation, and autonomous air/ 
ground systems applications [22].

As aforementioned, AMRDEC keeps investigating methods linked to 3D printing for direct fab-
rication of antennas, interconnects, printed circuit boards, sensors, and other devices. There are also 
some research programs focused on developing stretchable materials using 3D printing to obtain 
form- fitting objects that are amenable for wearable applications, which include smart physical 
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assisting and therapeutic wearable devices that can be adjusted to a certain patient condition and the 
body for thermotherapy [22].

A noteworthy research and development program called PRIntable Materials with embedded 
Electronics (PRIME2) was initiated by the US Army AMRDEC. The goal of this program was to 
create new fabrication capabilities that integrate Radio Frequency (RF) and electronic components 
into AM processes, aiming to reduce the size, weight, and overall cost of weaponry components and 
subsystems. One of the main objectives of this project was the use of a one- step process to print an 
entire wiring board with embedded passive components and integrated RF structures [22].

RF structures and electronic components manufactured by the conventional method involve 
piecemeal assembly techniques, which takes a lot of time and presents drawbacks associated with 
the manufacturing process for fabricating antenna elements, RF structures, and connections. On the 
other hand, AM provides the reduction of complexity, elimination of the requirement for assembly 
parts, and other advantages, meaning that it has the potential to revolutionize existing weaponry 
systems by significantly reducing the size, weight, and cost [22].

In addition to military applications, 3D printing has also found use in healthcare, automotive, 
defense industries, aerospace, pharmaceutical, and several other fields that will be briefly discussed 
in this text. A particular area in which 3D printing utilization is increasing a lot is medicine, pro-
viding the possibility of creating customized implants, prostheses, medical models, and medical 
devices [23].

The use of AM allows the manufacturing of three- dimensional solid objects of any desired shape, 
thus allowing its application in different areas in a fast and easy way. Several personal objects can 
be 3D printed by using this technique, such as hearing aids, prostheses, stethoscopes, eye lenses, 
drugs, dental implants, medical face shields, and masks. In the case of hearing aids, for example, its 
production usually takes more than a week, with the introduction of 3D printing into this domain, it 
can now take less than a day [23].

To further emphasize the benefits of using AM for individual object design, 3D printed prostheses 
can be designed according to individual preference and cost much less than traditional alternatives. 
Besides, they are more comfortable than conventional prostheses and can be fabricated in a day [23].

Therefore, one of the advantages related to this technology is the exclusion of the traditional 
measurement methods and the reduction of waiting times. 3D printing is often preferred in knee 
joints, tibia and femur bone, fibula bone implants, and dental implants since it enables precise manu-
facturing specific to the patient. Moreover, successful surgical imaging of the patient is obtained by 
employing this process, avoiding complications and mistakes that might arise in the fixture of the 
implant [2].

An interesting approach based on 3D printing that resulted from recent developments is called 
bioprinting. It allows biocompatible materials to be 3D printed on living tissues, in other words, it 
can be used to produce tissues, bone structures, and organs proper for organ transplantation. This 
technology has also been used for drug discovery, and toxicology, among others [2].

With respect to pharmaceutical applications of AM, which is a relatively new area and it’s cur-
rently receiving close attention, there are three major subjects in these applications. One of them is 
a drug delivery system that includes controlled release, polypills, gastrofloating, orodispersible, and 
microneedles. Moreover, 3D printing is also applied in the development of pharmaceutical devices, 
including pharmacy dispensing aids and drug- eluting devices [24].

Making the comparison between traditional manufacturing methods and AM in this area, the first 
one does not provide personalized patient dosing as it is not cost- effective and impractical while 3D 
printing has high accuracy, a highly adaptable nature, and can be used as an alternative manufacture 
tool. For instance, a dose can easily be varied by altering the tablet size by using the last method and 
the resultant tablet can have an accurate dosage for a specific patient. Thus, AM technology may be 
capable of producing medications on- demand and increasing the accessibility to medicines for those 
living in remote areas or even in risk areas, such as war zones [24].
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Another important aspect related to this issue is that this method can also be utilized to fabri-
cate complex geometries, which has made the production of certain oral dosage forms and medical 
devices possible. Thereby, high- dose tablets of a given drug can be printed with the use of AM, 
which is not feasible by using conventional manufacturing methods as a result of the limitations 
in material blending and tableting compression. In addition, certain types of AM technologies can 
create highly precise products, making it possible to produce microscale drug delivery systems, such 
as microneedles (MNs) [24].

Levetiracetam was the first 3D- printed drug produced and has obtained U.S. Food and Drug 
Administration (FDA) approval. 3D printing enables the creation of very porous pills, obtaining 
high drug doses in a single pill. It dissolves quickly and can be ingested easily [23].

Furthermore, a great example that highlights the effectiveness of 3D printing in solving problems 
faced by mankind is the production of masks and other medical devices to protect us from the cor-
onavirus pandemic. Due to the unavailability of supplies during the current COVID- 19 pandemic, 
3D printing has been increasingly employed to print spare parts for medical devices and protective 
gear. The benefits of AM over conventional manufacturing are faster production, digital storage and 
traceability of part files, reduction in delivery time, and the ability to produce components regardless 
of the complexity of part geometry [25].

As well known, the COVID- 19 pandemic has caused a rapid increase in the demand for medical 
supplies and spare parts, which posed a high risk of materials shortage. In this scenario, 3D printed 
masks have been manufactured especially for healthcare professionals and, in addition, can poten-
tially be applied to fabricate time- critical parts on demand, like nasal test swabs, face shields, gloves, 
goggles, respirators, and spares for ventilators [2], [25]. Any type of mask can be designed using 
CAD- CAM programs within 10 minutes and printed in a short time. Unlike traditional methods, 
production can be fast and with lower labor costs, 3D printing also prevents the generation of 
waste through manufacturing on demand, furnishing a greener and more environmentally friendly 
future [2].

30.4  3D PRINTING FOR OBJECTS FOR MACHINE MAINTENANCE

Machine maintenance regarding the repair work and the replacement of worn or nonfunctional parts 
is a critical issue since spare parts for products that are at the end of their life cycles are logistically 
complicated once they are not normally stored in the central warehouse. Thus, these uncommon 
spare parts occupy valuable space in smaller inventories and take a long time to be transported to the 
point where their use is needed, leading to a delay in the repair process [26].

Production of machine spare parts with AM on demand and storing them on a server can shorten 
the repair cycle by making logistics easier. Therefore, the introduction of 3D printing in the repair 
supply chain decreases the number of items that have to be reimbursed to the client and also reduces 
the number of objects to be stored [26].

Apart from that, the spare parts provider would benefit from the application of 3D printing in 
this area, due to the reduced warehousing and logistics costs since the number of units to keep in 
stock would be reduced, allowing them to get rid of parts that stay a long time in storage without a 
demand [26].

Considering some cases associated with this matter, the US Navy for instance recently released 
a plan to connect suppliers who are not able to meet the increasing demand for submarine parts 
with 3D printing companies that can print the metal parts without stopping to boost supply [27]. 
The utilization of AM to print spare parts is not something new in the US military, 3D printed parts 
have been used in critical aircraft engines, on tanks and submarines as described above, and also on 
the soldiers themselves. This is because 3D printing has offered the Department of Defense incred-
ible supply chain agility and it allows the army to produce new objects rapidly and cost- effectively, 
on- demand and on- site. Additionally, it can improve the lifespan of aircraft and vehicles that may 
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otherwise be out of service [27]. In another example, Chekurov et al. [10] showed an application of 
AM to produce a consumer electronic device spare part in offsite repair, which was a memory cover 
of a Dell portable computer that can break during the repair process. This spare part was success-
fully fabricated, it fitted without any problem and the computer worked normally.

AM has also been extensively applied in the aerospace industry with regard to the production 
of highly complex and lightweight parts, besides it can be used for repairing complex components 
such as engine blades, combustion chambers, and other structures [28]. Durable, light and strong 
components are required in airplane fabrication and the 3D printing technology can offer the aero-
space industry great possibilities to fulfill these challenges. AM has been incorporated by this sector 
from concept design to end- use parts and repairs, aiming to get rapid prototyping of components 
over the design phase, manufacture complex shape metal parts, and repair damaged objects rather 
than scrapping or replacing the broken ones [28]. It is worth mentioning that laser metal deposition 
(LMD) technology is the most suitable process to repair aerospace parts. It is a type of AM in which 
the metal powder is directly fed onto the damaged portion of the part and laser cured, restoring the 
original strength of the component related to the case of LMD for repair [28].

The production of aerospace parts using a conventional manufacturing process generates a high 
amount of waste of extremely expensive material, while only a little percentage of the original 
material is part of the finished object. However, when 3D printing is applied, maximum utilization 
of the material is achieved. This technology, therefore, has caused a breakthrough in the fabrication 
process of several engine components and other objects and their repair [28].

GE Aviation, for instance, has successfully produced a Leap Engine Fuel Nozzle made of 
cobalt and chrome by using a laser AM process, certified for being employed on civil aircraft. The 
mentioned part has substituted an assembly of 20 components with reduced cost, weight, without 
joints, and improved performance [28]. Therefore, 3D printing offers an important opportunity for 
tool repairing with time and money saving. Instead of discarding an old tool and replacing it, is 
possible to repair the worn- out parts in a tool by using metal additive technologies. They can be 
employed to fix tool inserts, dies, or molds and for the repair of aerospace components with high 
flexibility and reliability as already described [29].

SLM, a type of powder- bed fusion AM, is a particularly suitable technique for repairing damaged 
mold inserts. It enables a fast repair only in the damaged areas, simplifying the process, and 
decreasing the downtime and costs linked to the maintenance and repair compared to conventional 
methods [29].

In addition to that, 3D printing has also played a crucial role in the production of ventilator parts 
during the COVID- 19 pandemic. The lack of these parts in the hospitals was so severe that there 
weren’t enough ventilators for every patient; doctors then had to make decisions about which one 
would receive their support. To respond to this shortage, a certain company started to print a respira-
tory valve, which is a necessary part to connect respiratory tubing with the ventilator and ensure 
flow in the right direction for oxygen input and outgoing. Moreover, it made its design available for 
anyone who wants to print the valve in case of need [30].

Besides the respiratory valve, another company designed and printed T- connector and Y- connector 
to use one ventilator for two patients at the same time. These parts were distributed to local hospitals 
to meet the high demand for ventilators during the coronavirus pandemic [30]. All the alternatives 
mentioned show AM, in ways of 3D printing can be widely used and applied in different areas, playing 
a crucial role in remote and risk areas, helping both the population and the soldiers in a war zone.

30.5  WATER TREATMENT USING 3D PRINTING

Water and alimentation are basic needs for human survival; however, in war zones and in times of 
crisis, access to good and healthy food and clean water sources may be the biggest challenge for the 
population. Restricting access to water and food sources is often used as a tactic of war, although, 
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most of the time, water sources in these areas tend to be scarce, and even when it is possible to 
find some, they are probably contaminated by either chemical and/ or biological matter, making 
them unfit for human consumption. Some people even dare to affirm that having access to water is 
increasingly a matter of survival in conflict zones. Thus, the development of easy, cheap, and access-
ible water treatment technologies is key to overcoming this humanitarian issue in both war zones 
and also areas with strict access to drinkable water [31], [32].

As already discussed in the previous sections, 3D printing is a versatile technique, bringing a 
lot of advantages in war zones and during humanitarian actions. In the same way, 3D printing can 
be crucial to facilitating access to clean and drinkable water even when it is scarce or has been 
restricted as a conflict tactic. 3D printing can easily be used to print water bottles or canteens, to 
facilitate the transportation of water by the soldiers, or even to help a better distribution of this 
resource to the population of a risk area. In 2017, Marine Corps Captain Justin Carrasco designed a 
3D water bottle with 0.5 and 1 L capacities, minimizing the logistical footprint of packaged water 
bottles while they are being transported in military convoys, in a way to maximize logistical func-
tionality while maintaining usability [33]. Besides, by using the different printing technologies, 
such as FDM, SLA, and SLS, these recipients can be printed in different designs, sizes, shapes, and 
materials, making them adaptable for their application in the best possible way [34].

Besides being useful for fast and cheap prototyping of water recipients, 3D printing can be used 
to facilitate and promote on- site water treatment, in this way, if the water source available close by 
is not suitable for drinking, soldiers or the population living nearby, can easily get this water and 
make it drinkable. Research in this area is focused on the development of materials for membrane 
separation, water treatment, and purification process applications, aimed at the design of spacers, 
membranes, adsorbents, photocatalysts, ceramic filters, modules, capsules, etc [35–37].

The biggest challenge faced when designing 3D- printed membranes is the determination of 
porous sizes. Since they need to be very small (the order of um or even nm) to achieve better fil-
tration, the 3D printer usually must be adapted to create these nanoporous, with good accuracy. 
Furthermore, it is also important to highlight that different printing technologies (SLA, FDM or 
SLS) will directly affect how the membrane will be produced, also changing the membrane per-
formance and fouling properties. Tan et al. [38] compared different 3D printed membranes (varying 
the printing technology) with a commercial membrane, and they showed that the 3D- printed spacers 
maintained superior mass transfer performance when compared to the commercial spacer. In terms 
of printing accurateness, their tests showed a preference for polyjet > SLS > FDM, showing that the 
printing technology affects the membrane and separator performance.

These membranes can be also further modified with chemical or biological agents working to 
improve the membrane functioning and allow other types of separation. Lv et al. [39] reported 
the fabrication of a superhydrophobic porous membrane for oil- water separation by 3D printing 
with nanosilica- filled polydimethylsiloxane (PDMS) ink. The modified ink was 3D printed and the 
obtained membrane showed a maximum oil- water separation efficiency of 99.6% with pore sizes 
of 0.37 mm, also exhibiting a high flux of approximately 23700 L/ m2.h, showing the versatility and 
facility of this technique.

Another strategy also used is the development of a high- performance and low- cost solar col-
lector for water treatment manufactured by 3D- printing technology. Recently, Mai et al. [37] used 
3D printing to produce water treatment equipment that could efficiently treat wastewater quickly, 
conveniently, and inexpensively. The composite filaments with a diameter of 1.75 ± 0.05 mm were 
prepared by a melt blending method, containing 10 wt% of modified TiO

2
 and 90 wt% of PLA. The 

results then showed that those modified particles were uniformly dispersed in the PLA matrix and 
were stable enough to perform the proposed photocatalytic degradation, showing a good result for 
waste- water treatment, with also improved after adding 5 wt% of silver.

Since the 3D printing process provides flexible materials with porous and open structures, they 
can also be used to directly adsorb organic dyes with high efficiency, and can potentially be recycled 
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afterward. In this sense, Wang et al. [40] proposed the utilization of 3D printing for the fabrication 
of ABS filament coated with porous Cu- Benzene tricarboxylic acid adsorbents for methylene blue 
(MB) removal. The Cu- BTC/ ABS composite was designed and printed in different shapes, and the 
structure was able to enhance surface wettability, which in turn helps to improve the adsorption of 
metals and linkers. The MB removal efficiency for solutions with concentrations of 10 and 5 mg/ L 
was 93.3% and 98.3%, respectively, within 10 min. After MB adsorption, the composite could easily 
be recovered without the need for centrifugation or filtration, making it easily reusable. This could 
then easily be used in war zones with no access to clean water sources, making the water suitable for 
drinking in an easy and efficient way.

Another option that can be used is the modification of the filaments with Ag or Cu to produce on- 
site disinfecting filters, able to provide disinfection directly in the water bottle or recipient, making 
it suitable for drinking. Luukkonen et al. [41] recently compared the main characteristics of highly 
porous geopolymer components for water treatment applications manufactured by 3D printing. In 
their research, they were able to fabricate components that possessed mesoporosity, suitable mech-
anical strength, and water permeability. Furthermore, it was possible to prepare filters with low 
metal leaching between a pH of 3– 7, in a way that the released Ag and Cu concentrations would be 
within drinking water standards, presenting another great alternative for easy, cheap, and accessible 
water treatment.

Furthermore, wastewater or water non- suitable for drinking can be used as a feedstock for the 
water splitting (WS) process, providing on- site treatment for water recycling and reuse, along 
with the production of energy, in the form of hydrogen, that could be produced and stored for 
further applications. This is an excellent alternative to obtaining drinking water in areas where it 
is scarce, especially since the H

2
 produced during this process can be used as an energy source, 

helping both poor areas and war zones. Microbial electrolysis cells (MECs) or wastewater elec-
trolysis cells (WECs), the ones used to produce H

2
 from water non- suitable for drinking, can easily 

be designed and produced using 3D- printing technologies facilitating, even more, access in remote 
areas [42], [43].

All these alternatives for water treatment can be very useful in war zones and during humani-
tarian actions. Furthermore, using 3D printing for these alternatives can provide easy, fast, and 
cheap on- site water treatment that could help to solve water access problems faced by people in 
remote areas or even during conflict times.

30.6  FINAL REMARKS AND PERSPECTIVES FOR NEXT YEARS

In summary, in this chapter, we have shown how 3D printing can be a versatile technique since 
it is easy, cheap, and can be used for on- site production according to local needs. Therefore, 3D 
printing can be very useful for different applications, especially in remote areas, where access to 
clean water, food, medical supporting materials, parts for machine maintenance, and other supplies 
can be more difficult. Furthermore, it can be very useful for defense applications, in war zones 
and places affected by conflicts and natural disasters. The low cost and versatility of 3D- printing 
techniques allow for easy and fast transportation to any area in need, facilitating and speeding up 
access.

Besides being very useful during war times, allowing fast and cheap weaponry design and fab-
rication, it is also useful for prototyping individual protection equipment, medical supplies, and 
even parts for machine maintenance, for on- site repairing of general machines, war machines, and 
vehicles or even weapons of all kinds. Additionally, it can also be used to help with clean water   
and food access in risky areas, either by providing 3D- printed food or even to make 3D- printed 
water bottles with printed membranes for water purification and treatment.

Since conflicts and humanitarian crises are a constant in our society, the development of AM as 
an alternative technology to assist in such situations presents great potential and tends to become 
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even more evident in the next years, as 3D- printing technologies become even more affordable and 
new materials are established.

As previously discussed, many companies, military, humanitarian and governmental organizations 
are already looking into it and developing research related to these applications. Thus, we believe 
for the next years a great number of new technologies will be developed and applied in these areas, 
assisting soldiers and populations in risky areas to have access to a better quality of life.
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