3D Printing

and Sustainable

Product

Development
:/(Iﬁitre?rzn Ul Hag
Ankush Raina
Nida Naveed

CRC Press

Taylor & Francis Group




3D Printing and Sustainable

Product Development

The text focuses on the role and the importance of 3D printing in new product
development processes. It covers various aspects such as the 3D printing
revolution and Industry 4.0, sustainability and 3D printing, and economics of
3D printing. It discusses important concepts, including 3D printing, rapid
prototyping, mechanical and physical properties of 3D printed parts,
nanomaterials, and material aspects of 3D printing.

Features

1

. Presents recent advances such as Industry 4.0, 4D printing, 3D material

mechanical characterization, and printing of advanced materials.

. Highlights the interdisciplinary aspects of 3D printing, particularly in

biomedical, and aerospace engineering.

. Discusses mechanical and physical properties of 3D printed parts,

material aspects, and process parameters.

. Showcases topics such as rapid prototyping, medical equipment design,

and biomimetics related to the role of 3D printing in new product
development.

. Covers applications of 3D printing in diverse areas, including automotive,

aerospace engineering, medical, and marine industry.

It will serve as an ideal reference text for senior undergraduate, graduate
students, and researchers in diverse engineering domains, including manu-
facturing, mechanical, aerospace, automotive, and industrial.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com
http://taylorandfrancis.com

3D Printing and
Sustainable Product
Development

Edited by
Mir Irfan Ul Haq
Ankush Raina
Nida Naveed

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



https://www.crcpress.com
https://www.crcpress.com

Designed cover image: © shutterstock

First edition published 2024
by CRC Press
6000 Broken Sound Parkway NW, Suite 300, Boca Raton, FL 33487-2742

and by CRC Press
4 Park Square, Milton Park, Abingdon, Oxon, OX14 4RN

CRC Press is an imprint of Taylor & Francis Group, LLC

© 2024 selection and editorial matter, Mir Irfan Ul Haq, Ankush Raina and Nida Naveed individual
chapters, the contributors

Reasonable efforts have been made to publish reliable data and information, but the author and publisher
cannot assume responsibility for the validity of all materials or the consequences of their use. The authors and
publishers have attempted to trace the copyright holders of all material reproduced in this publication and
apologize to copyright holders if permission to publish in this form has not been obtained. If any copyright
material has not been acknowledged please write and let us know so we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or hereafter
invented, including photocopying, microfilming, and recording, or in any information storage or retrieval
system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, access www.copyright.com or
contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 978-750-
8400. For works that are not available on CCC please contact mpkbookspermissions@tandf.co.uk

Trademark notice: Product or corporate names may be trademarks or registered trademarks and are used
only for identification and explanation without intent to infringe.

Library of Congress Cataloguing-in-Publication Data

Names: Ul Haq, Mir Irfan, editor. | Raina, Ankush, editor. | Naveed, Nida, editor.

Title: 3D printing and sustainable product development / edited by Mir Irfan Ul Haq, Ankush Raina,

Nida Naveed.

Other titles: Three D printing and sustainable product development Description: First edition. | Boca Raton,

FL : CRC Press, 2023. | Includes bibliographical references and index. |

Summary: “The text focuses on the role and the importance of 3D printing in new product development
processes. It covers various aspects such as the 3D printing revolution and Industry 4.0, sustainability and
3D printing, and economics of 3D printing. It discusses important concepts including 3D printing, rapid
prototyping, mechanical and physical properties of 3D printed parts, nanomaterials, and material aspects of 3D
printing. The book presents recent advances such as industry 4.0, 4D printing, 3D material mechanical
characterization, and printing of advanced materials and highlights the interdisciplinary aspects of 3D printing
particularly in biomedical, and aerospace engineering. It discusses mechanical and physical properties of 3D
printed parts, material aspects, and process parameters while showcasing topics such as rapid prototyping,
medical equipment design, and biomimetics related to the role of 3D printing in new product development. It
also covers applications of 3D printing in diverse areas including automotive, aerospace engineering, medical,
and marine industry. It will serve as an ideal reference text for senior undergraduate, graduate students, and
researchers in diverse engineering domains including manufacturing, mechanical, aerospace, automotive, and
industrial”-- Provided by publisher.

Identifiers: LCCN 2023011471 (print) | LCCN 2023011472 (ebook) | ISBN 9781032306803 (hbk) |

ISBN 9781032306827 (pbk) | ISBN 9781003306238 (ebk)

Subjects: LCSH: Additive manufacturing. | Three-dimensional printing. | Green products--Design and
construction. | Rapid prototyping.

Classification: LCC TS183.25 .A15 2023 (print) | LCC TS183.25 (ebook) | DDC 621.9/880286--dc23/eng/
20230506

LC record available at https://lccn.loc.gov/2023011471

LC ebook record available at https:/lccn.loc.gov/2023011472

ISBN: 978-1-032-30680-3 (hbk)
ISBN: 978-1-032-30682-7 (pbk)
ISBN: 978-1-003-30623-8 (ebk)

DOI: 10.1201/9781003306238

Typeset in Sabon
by MPS Limited, Dehradun


www.copyright.com
mailto:mpkbookspermissions@tandf.co.uk
https://lccn.loc.gov/2023011471
https://lccn.loc.gov/2023011472
https://doi.org/10.1201/9781003306238

Contents

Preface
About the Editors
List of Contributors

1 3D Printing and New Product Development:
Opportunities and Challenges

ASRAR RAFIQ BHAT, VISHAL GUPTA, NAVEEN KUMAR BANKAPALLI,
PRATEEK SAXENA, ANKUSH RAINA, AND MIR IRFAN UL HAQ

2 How 3D Printing Achieves Sustainability
HAISHANG WU, NIDA NAVEED, AND HAMID MEHRABI

3 Applications of 3D Printing in Product Safety

C.H. LI, T.T. LEE, S.L. MAK, W.F. TANG, AND C.C. LEE

4 Environmental Impact of Metal Additive
Manufacturing

MARK ARMSTRONG, H. MEHRABI, AND NIDA NAVEED

5 Identification and Overcoming Key Challenges in the
3D Printing Revolution

ASHISH KAUSHIK, UPENDER PUNIA, SUMIT GAHLETIA,
RAMESH KUMAR GARG, AND DEEPAK CHHABRA

6 Fabrication of Light Metal Alloys by Additive
Manufacturing

BINNUR SAGBAS AND OZGUR POYRAZ

vii
1X
X1

21

39

61

87

105



vi Contents

7 Spent Coffee Ground-Based Polymeric Materials for
3D Printing 125

S.L. MAK, W.F. TANG, C.H. LI, C.C. LEE, M.Y. WU, W.Y. CHAK,
AND W.K. KWONG

8 Recycling Polyethylene Terephthalate to Make 3D
Printing Filaments 139

S.L. MAK, W.F. TANG, C.H. LI, C.C. LEE, M.Y. WU, W.Y. CHAK,
AND W.K. KWONG

9 Additive Manufacturing Requirements for Dental
Implementation 151

UPENDER PUNIA, ASHISH KAUSHIK, RAMESH KUMAR GARG,
ANMOL SHARMA, AND DEEPAK CHHABRA

10 Dental Brace Development Using Digital Light
Processing 3D Printing 173

W.F. TANG, C.C. LEE, S.L. MAK, C.H. LI, AND EDDY CHAN

11 Nanomaterials and 3D Printing 187

F. SHARIFIANJAZI, L. BAZLI, A. ESMAEILKHANIAN,
S. KHAKSAR, F. SADEGHI, AND M. REISI NAFCHI

12 4D Printing of Smart Magnetic-Based Robotic
Materials 213

ALI ZOLFAGHARIAN, MIR IRFAN UL HAQ, MARWAN NAFEA,
AND MAHDI BODAGHI

Index 227



Preface

With increasing competition in the global market and the increased
consciousness amongst the end users about environment, industries
throughout the globe are competing to deliver new products with improved
efficiency and performance. Further, there is a growing demand for shortening
the product development time and delivering low-cost and light-weight
products having improved performance, and at the same time, the products
need to be designed in a way that they can be recycled and lead to zero
waste to minimize their environmental impact and truly assist the sustainable
cradle-to-cradle approach. With the advancements in the field of additive
manufacturing, 3D printing has evolved as an alternative to subtractive
manufacturing and offers benefits such as low material wastage, ability to
handle part complexity, less human intervention and low cost. Therefore, 3D
printing can play a vital role in new product development by delivering
products at faster speed and reducing energy consumption, thereby leading
to significant cost savings. Moreover, this technology has lot of potential to
emerge as a sustainable manufacturing technology and can be useful to reduce
production of scrap waste by reusing and recycling 3D printed parts.

The book is focused to highlight the role 3D printing can play in new
product development. Different aspects of 3D printing such as sustainability,
safety and recycling have been touched in various chapters of this book. Special
focus has been laid to present different application areas of 3D printing such as
medical and nanotechnology. A special chapter has been focused on providing
an introduction to 4D printing. In addition to the written matter, the book
contains supporting schematic diagrams, data tables and illustrations for easy
understanding of the readers. Apart from providing state of art details on
various material aspects of 3D printing, the book also highlights the various
opportunities and challenges associated with the technology.

The features of the book appeal to both students and to researchers finding
newer and better solutions to a lot of problems faced during new product
development. The editors feel that the book shall serve the purpose of creating
awareness among all stakeholders related to additive manufacturing industry
so as to develop products which are cost effective and greener in short time.

vii
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1. INTRODUCTION TO ADDITIVE MANUFACTURING

Additive manufacturing, commonly known as three-dimensional (3D)
printing is a process, where objects or components of desired 3D CAD
models are built by depositing materials layer by layer (illustrated in
Figure 1.1). In contrary to conventional manufacturing processes where
parts are made by removing unwanted material from a block of raw
material, there is no need for cutting tools in additive manufacturing so, this
also called as tool less method of manufacturing. Additive manufacturing
provides a free hand for designing the complex structure of best performance
by removing design limitations of subtractive manufacturing techniques
(Bajpai et al., 2020; Saxena et al., 2021). A wide range of metals, food ma-
terials, biomaterials, composites, alloys, building materials, smart materials,
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Filament

Filament Extruder

Temperature controlled heater

Nozzle

Printing of part

Base plate

Figure I.1 Schematic 3D printing using material extrusion process (FDM).

polymers, and ceramics can be 3D printed using different additive manu-
facturing techniques (Bhatia and Sehgal, 2021).

AM is used to make lightweight and cost-saving components for auto-
motive and aviation applications and many more advanced applications, such
as bio-printing of tissues, sensors, integration of electronics and construction
industry (as represented in Figure 1.2 (Vaezi et al., 2013; Jandyal et al., 2022).
Additive manufacturing is the best technology to fabricate components made
from expensive materials like nickel and titanium because of less wastage of
material in the layer upon layer addition process, and due to this, additive
manufacturing caught the attention of academia and industry, mainly aero-
space industry (Malik et al., 2022). The additive manufacturing process was
previously used extensively for prototyping of new product development, but
nowadays parts made by 3D printing or additive manufacturing are used
directly in the final product and sometimes 3D printed parts are used as spare
parts (Rouf et al., 2022a; Chaturvedi et al., 2022).

The most widely used 3D printing technologies currently available are
powder bed fusion, wire arc additive manufacturing, direct energy deposi-
tion, and sheet lamination, which are primarily used for metals. For plastics,
stereolithography apparatus (SLA), material extrusion (FDM), and material

Additive
Manufacturing
|
[ [ [ [ [ | [ 1
Metals And i o . B Building Food Smart

Figure 1.2 Materials used in 3D printing.
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jetting processes are used. Direct ink writing technologies, powder bed
fusion, and fused deposition modelling (FDM) procedures, as well as selective
laser melting (SLM) and selective laser sintering (SLS), are employed for
ceramics extrusion. Nowadays, a process combining extrusion-based 3D
printing, followed by debinding and sintering, is used to manufacture metals
and ceramics. In this process, filament containing polymer is reinforced with
powder of the required metal or ceramic elements. The chapter’s following
parts include a brief discussion of a few of these processes.

Three-dimensional printing techniques are further classified into Micro
and Macro fabrication. Different micro additive manufacturing processes
are represented in the flow chart (Figure 1.3). When the size of fabricating
object is less than 100 pm, that process is the microfabrication, and if the
size is above 100 pum, that process is a macro fabrication. Miniaturization
of products increases the demand for micro components in biotechnology,
electronics, energy, medical, communications, automotive, and optics (Bajpai
et al., 2020). But at the microscale, manufacturing complex structures using
standard fabrication techniques is complicated than macroscale.

Additive manufacturing plays a vital role in removing design limitations to
realize complex components with the best performance. Three-dimensional
Micro-AM can be classified into three main groups, viz. 3D direct
writing technologies, Scalable micro-AM systems, and Hybrid Processes.
Microfabrication by AM can be realized for a wide range of materials like
polymers, metals, ceramics, and composites (Bajpai et al., 2020). However, the
majority of micro-AM techniques are still in the research stage. Micro ste-
reolithography and electrochemical fabrication techniques among micro-AM
systems showed more promising outcomes in 3D microfabrication when
compared to other techniques (Vaezi et al., 2013).

In recent years, 3D printing technology has been evolving into four-
dimensional (4D) printing by adding the fourth dimension, which is time
(Figure 1.4). That is, in 4D printing, 3D printed objects change their shape
over time or in response to an environmental stimulus (Hirt et al., 2017).

3D Direct Writing Hybrid Processes

[
Scalable Micro-AM systems

QO Micro Stereolithography O Focused Ion Beam Direct O Electrochemical
O Micro Selective Sintering Writing Fabrication Process
QO 3D Printing O Laser Chemical Vapor
Q Inkjet Prin;ing Deposition Process
QO Fused Deposition
Modelling
U Laminated Object
Manufacturing

Figure 1.3 Micro additive manufacturing processes.
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Fabrication
- 1
Fabrication
Fabrication
-
Macro

Additive
Manufacturing

Fabrlcatlon

Figure 1.4 Classification of micro and macro in 3D and 4D printing.

In 4D printing, the objects are printed using 3D printed techniques, but the
change in morphology is due to the material used in 3D printing. Smart ma-
terials like shape memory composites, shape memory polymers, and shape
memory alloys are used to change the morphology of 3D objects. And shape
change occurs when 3D objects are exposed to external stimuli like heat, light,
ultrasound, pH, solvents, electricity, magnetism, etc. Potential applications of
the 4D printing technique are in biomedical, like drug delivery, tissue en-
gineering, implant organ, skin reconstruction, and bone reconstruction.

1.1.1 History of additive manufacturing

The first technique of additive manufacturing was used for fabricating
models and prototypes in the late 1980s, but after 40 years of development,
Nowadays, AM technology is among the most rapidly developing tech-
nologies in the world. During this development period, processing of wide
range materials from the low melting point polymer materials to the high
melting point ceramics and metals made feasible through the AM process.
Initially used additive manufacturing processes like stereolithography
apparatus (SLA), fused deposition modeling (FDM), selective laser sintering
(SLS), and laminated object manufacturing (LOM) were typically used for
fabricating of prototypes from polymers.

Apart from the processing of different materials, materials of various forms
also made possible through AM techniques like materials in the form of
liquid, powder, and wire. AM technology for fusible materials using a pre-
cursor of 3D laser cladding established in the 1971 patent of ciraud. In the
patent of householder, the idea of making a 3D part using the molding process
with the help of SLS systems is proposed. Due to high priced laser systems and
unavailability of powerful computers at that time, these technologies were not
commercialized. The first deterministic turning machine, which is also called
DTM, was developed by the University of Texas and used this device as SLS,
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which entered the market as Sinterisation 2000/2500 machines along with
powder materials like Rapid steel, DTM Rapid Tool.

In 1994, after acquiring patents from 3D Systems and the University of
Texas, EOS GmbH Electro-optical systems introduced laser sintering
machines to fabricated prototypes of plastics, which is called EOSINT
P350. Later in 1995, the same company introduced a direct metal laser
sintering machine (DMLS) to make plastic injection molding tools based
on additive manufacturing process called EOSINT M250. This is the start
of rapid tooling. In the same year, Fraunhofer Institute for Laser
Technology (ILT) in Aachen, Germany, started research on the selective
laser sintering process and achieved German patent in the pioneering
phase. Some of the researchers and GmbH worked together on this tech-
nology. After all these improvements and inventions, accuracy and reso-
lution have improved, and prices of the machine also decreased. This
technology is playing a pivotal role in the fabrication of complex parts with
better properties than before.

1.1.2 Working of an additive manufacturing process

In general, different steps involved in various 3D printing processes are
discussed below:

I.1.2.1 Creation of the CAD model of the part to be printed

The part of being 3D printed created using a computer aided design soft-
ware package. To get accurate results, it is better to use a solid modeling
system rather than a wireframe model.

1.1.2.2 Generation of STL file

The input file for all additive manufacturing processes is STL (stereolitho-
graphic, it is the first AM technique). As different software packages use
different algorithms for representing a CAD file. So, to establish consist-
ency, STL format standardized in the 3D printing industries. In STL file, 3D
model is described in triangles.

1.1.2.3 Slicing

Generated STL file is sliced into thin layers while slicing the location of the
model to print, the orientation of model, and layer thickness; also, we
adjust. According to size, it is essential to decide the location of printing,
and orientation determines the time required to build. Also, many software
packages allow the users to give supports needed for the object to be
printed, which can be done before slicing.
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1.1.2.4 Printing

Actual part building happens in this step using a fixed AM process. From
polymer, metal alloy, the ceramic machine creates one layer at a time; the
cross-section of each layer represents the sliced layer of the model.
Depending on the type of materials, machine, the printing parameters
change from machine to machine.

1.1.2.5 Post-processing

This step involves removing the part from build plate or machine and re-
moving supports given. Some components may require cleaning-polishing,
and apart from cleaning and polishing, some metallic parts require heat
treatment.

This chapter covers numerous 3D printing technologies and different as-
pects of 3D printing. Material aspects of these 3D printing techniques have
also been discussed. This chapter also covers the challenges associated with
3D printing in various applications for product realization, as well as the
usage of 3D printing in new product development and other opportunities
across engineering disciplines. Three-dimensional printing applications in
the fields of aerospace, automotive, biomedicine, and electronics, as well
as the individual parts utilized in each, has also been discussed at the end of
this chapter.

1.2 VARIOUS 3D PRINTING TECHNOLOGIES

Three-dimensional printing is used as the synonyms for the all AM processes
but in actuality all the methods vary depending upon the raw materials used,
their processing such as deposition method and the energy source utilized. To
standardize the processes, in year 2010, American Society for Testing and
Materials (ASTM) F42 committee classified the AM processes in seven main
categories. These categories are as shown in Figure 1.5.

For a type of material, it is possible to use different process as per the
requirement. For example, printing of polymer component can be done
with the help of the VAT photo-polymerization, material extrusion and
powder bed fusion. Similarly, for metal 3D printing, powder bed fusion,
material extrusion as well as direct energy deposition can be used. In the

1
I T T T T 1
et eting. P s
s - q owder €c
polymerization jetling Jelling Ex(rusion Bed i a:lil: :tti o Energy
n

Depositio!

TFusion

Figure 1.5 Classification of AM techniques according to ASTM F42 Committee.
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subsequent sub headings, different type of AM techniques will be discussed
in details.

1.2.1 VAT photo-polymerization

The stereolithography (SLA) method is another name for VAT photo-
polymerization. It was developed in 1986 and is one of the early AM tech-
niques (Melchels et al., 2010). The schematic illustration of SLA is shown in
Figure 1.6(a). In this method, a layer of resin or monomer solution is applied
with liquid thermoset polymer resins that can be cured with UV light (or an
electron beam) to start a chain reaction (Saxena et al., 2020; Halloran, 2016).
After being activated by UV light, the monomers quickly transform into
polymer chains (radicalization). Following polymerization, a pattern within
the resin layer solidifies to hold the following layers in place. After printing is
finished, the unreacted resin is removed. The SLA has two different ap-
proaches: a top-down approach and a bottom-up approach. Some printed
parts may undergo a post-processing procedure to get the desired mechanical
performance, such as heating or photo-curing.

1.2.2 Powder bed fusion

Powder bed fusion based additive manufacturing is one of the important
technology which utilizes high-power laser light as an energy source to
build parts by selectively melting of metal/polymer powders in a layer by
layer as given in the STL file {illustrated in Figure 1.6(b)}. To get parts
without defects, some of the vital process parameters should be tuned
carefully. The critical parameters which affect mechanical properties of
fabricated parts are laser scan speed, hatch style, hatch overlaps, laser
power, and hatch distance. The entire process should take place in an
oxygen-free environment. This process was considered as versatile additive
manufacturing process because of its ability to process a wide variety of
materials, which include Fe-alloys, Cu- alloys, Al-alloys, Ni-alloys, Ti-alloys,
Co-alloys, polymers, and their composites (Sutton et al., 2017; Gorji et al.,
2020). In this process, we can get the required mechanical properties of
materials by varying the process parameter.

1.2.3 Binder jetting

Binder jetting is one of the technique of AM that prints the object in layer by
layer fashion by depositing the two type of material; first one is the build
material and second one is the binder material. Most often the building
material used to be in the powder form and the adhesive material is in
the liquid phase (Gonzalez et al., 2016; Sivarupan et al., 2021). In this
technique, binder is utilized as adhesive material to bond the layer of powder
spread over the build platform or previously deposited layer as shown in
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Figure 1.6 Schematics of (a) VAT photo-polymerization (b) Powder bed fusion (c) Binder
jetting.

Source: Conceptualized from Bajpai et al. (2020).
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Figure 1.6(c). A binder jetting setup have a print head that moves horizontally
for the deposition of the binder liquid and a wiper mechanism is also present
that spread the powder layer of predefined thickness over the build platform.
After printing every layer, the build platform goes down in order of the layer
thickness and process repeated. The part performance of the 3D printed
components with binder jetting is not optimal to use it as the structural part
due to its binding procedure which increases the processing time despite of
being relatively fast during binder jetting. Unlike material extrusion, the
support structure is not required in this technique.

1.2.4 Material extrusion

Material extrusion is one of the most widely used technique for the 3D
printing of the end user components. Material extrusion is also known as
the fused filament fabrication method. This technique was earlier used for
the 3D printing of the polymeric components. Nowadays advancement is
material extrusion process allows for the printing of metal and ceramic
materials as well as the polymer matrix composite manufacturing. In this
technique a continuous polymer filament is fed into the heated nozzle where
the filament gets melted to semi solid state and extruded through the nozzle
as shown in Figure 1.7(a) (Peng et al., 2018). This extruded material is
deposited onto the previously printed layer. During printing, the layer that
being extruded fuses into previously printed layer. The printing speed, layer
thickness, layer width, infill pattern, and orientation of the layer affect the
3D printed part performance. The key advantages of FDM are its low price,
high speed, and ease of use. The main drawbacks of FDM, on the other
hand, are limited thermoplastic materials and poor surface quality.

1.2.5 Sheet lamination

Sheet lamination technique of additive manufacturing is more or less similar
to traditional composite manufacturing. In this techniques, raw material to
be used is in the form of the sheets that are bonded with each other by
the means of the adhesive or with the help of welding f{illustrated in
Figure 1.7(b)}. Hence, sheet lamination is mainly divided into two parts;
laminated object manufacturing (LOM) and ultrasonic additive manu-
facturing (UAM) (Derazkola et al., 2020). In UAM process the sheets or
ribbons of the metal is joined with each other by the help of welding caused
by the ultrasonic machines. Similar to traditional manufacturing, this process
also needs the post processing steps like use of CNC machines to remove the
unbounded metals. In LOM processing, the strips is of the paper material and
glued them together to form the object. To make the post-build, simple cross
hatching is used during printing process. Laminated objects are frequently
utilized for aesthetic and visual models and are not appropriate for structural
use. UAM uses metals like titanium, stainless steel, copper, and aluminum.
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Internal geometries can be generated thanks to the low temperature of the
procedure. The method connects a range of materials and consumes relatively
little energy because the metal is not heated.

1.2.6 Direct energy deposition

Directed energy deposition (DED) includes different processes such as
“laser designed net shaping,” “directed light fabrication,” “direct metal
deposition,” and “3D laser cladding.” This is the most complex printing
technology that is used to repair or increase the strength of the existing part
(Shim et al., 2016). A schematic representation of DED is shown in
Figure 1.8(a) and (b). A DED setup consists of the nozzle similar to
material extrusion that is fixed on the robotic arm that can move in many
directions. Metal used in this setup is in the form of the wire or powder
(Gibson et al., 2021). Apart from the metals, polymer and ceramics can
also be processed in this. The molten material is deposited on the specified
surface where it gets hardened. The material can be placed from any angle
and is melted upon deposition with a laser or electron beam owing to 4 and
5 axis CNC machines. Typical applications include fixing and maintaining
structural parts.

1.2.7 Material jetting

Material jetting is an AM technique that works similar to two-dimensional
(2D) inkjet printer. Material jetting is done in two ways in this technique. It
may be either Drop on Demand (DoD) or jetting of material continuously
on the build platform (Sing et al., 2020). Object in this method is built up
layer by layer on the build platform or on the previously deposited layer by
spraying and solidifying the raw material as illustrated in Figure 1.8(c).

In general, material is deposited by the help of the nozzle attached to a
print head that moves across the build platform horizontally. Material is
deposited by a nozzle that moves across the build platform horizontally.
The deposited layer is hardened by curing with UV lights in case of the UV
curable polymer resin. Material deposited on the part or build platform
must be properly controlled as it will decide the thickness of the layer and
hence performance and aesthetics of the parts produced by this technology.
Polymers and waxes are useful and often used materials because of their
viscous nature and ability to form droplets. Table 1.1 presents a compar-
ative of various technologies.

1.3 MATERIAL ASPECTS OF 3D PRINTING

The next concern that comes to mind after going through many forms of 3D
printing is what are the various materials that are utilized in these processes,
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Figure 1.8 Schematics of (a) DED system using laser together with powder feedstock and
(b) using electron beam and wire feedstock and (c) Material Jetting.

Source: For (a) and (b): Taken with permission from Sing et al. (2020); for (c):
Taken from Giilcan et al. (2021).

what are their viabilities, what kinds of properties do they offer, and for what
processes and applications do we use them. Therefore, material aspects for
different 3D printing processes have been elaborated in this section. Based
on the state of the materials employed in them, the additive manufacturing
(AM) processes are categorized. Based on this classification, there are three
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Figure 1.9 Different materials used in additive manufacturing. PLA, Polylactic Acid; ABS,
Acrylonitrile Butadiene Styrene; CFRP, Carbon fiber reinforced polymer; CNT,
Carbon nanotubes; GFRP, Glass fiber reinforced polymers; PC, Polycarbonate;
PEEK, Polyether ether ketone; PETG, Polyethylene Terephthalate Glycol.

Source: Nikzad et al. (2011); Lee et al. (2017); Gu et al. (2012); Van Der Kiift
et al. (2016); Shofner et al. (2003).

different types of AM processes: liquid, solid and powder. The materials
mechanical characteristics should also be suitable and in accordance with
service standards. Although the range of materials that can be utilized in
various 3D printing procedures is currently limited, work is being done to
expand it (Rouf et al., 2022b).

Metals, plastics, composites and ceramics, are the most typical materials
utilized in 3D printing. Plastics are widely used in 3D printing. Among
plastics thermoplastics are widely used in 3D printing in comparison to
thermosetting plastics. Figure 1.9 shows the different types of materials
used in 3D printing. The two methods of powder bed fusion and material
extrusion both employ thermoplastic materials. Amorphous thermoplastics
are employed for material extrusion procedures among these categories
because of their melt characteristics. They create a melt that is incredibly
viscous and perfect for extrusion (Bourell et al., 2017). Polylactide (PLA)
and acrylonitrile butadiene styrene (ABS) are the two most prevalent types
of these plastics (ABS). A PC/ABS blend, polycarbonate (PC), and poly-
etherimide are some further examples of amorphous materials that are
utilized in material extrusion (PEI).

Semi-crystalline thermoplastics are employed in powder bed fusion.
Polyetheretherketone (PEEK) and polypropylene (PP) are other semi-
crystalline polymers utilized in powder bed fusion. Epoxies, acrylics, and
acrylates are the most typical thermoset examples. Most of the photo
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polymers are thermosets. When photopolymers are exposed to light, a pro-
cess known as “curing” occurs in which the oligomers cross-link and create
network polymers, which are thermosets by nature. Oligomers, monomers,
and various additives, such as antifoaming agents and antioxidants, are the
building blocks of these photopolymers (Sing et al., 2020). These additions
improve the photopolymers’ characteristics. To enhance the mechanical
qualities of resins, toughening compounds are also utilized actively. These
hardening agents come in reactive and non-reactive varieties. The elastomeric
cores can have a reactive shell in some configurations. polybutadiene,
Polysiloxane, and rubber are a few examples of such core materials, whereas
substances having epoxy, vinyl ether, hydroxyl, vinyl ester, and acrylate
groups are examples of reactive shells. The material jetting technique also
employs thermosetting materials. When numerous materials are being de-
posited, material jetting is advantageous. To do this, various nozzles for
various materials are used. The finished product will have distinct qualities
from the ingredients that made it up if this procedure is employed to deposit
various materials in the same layer. It has been established that the
mechanical characteristics of products produced by material jetting exhibit
anisotropy while also showing a sizable variation in their tensile and com-
pressive characteristics (Mueller and Shea, 2015).

The two most popular powder-based AM methods for producing metal
products, from the perspective of metals, are Powder Bed Fusion (PBF) and
Direct Energy Deposition (DED). However, there is an option of using a
metallic wire instead of powder in direct energy deposition as well. Metal
prints are also created using binder jetting in addition to these two processes.
Pure titanium, Ti6Al4V (Niendorf et al., 2013), 316 L stainless (Yadollahi
et al., 2015), 17-4PH stainless steel, and 18Ni300 maraging steel (Casalino
et al., 2015) are the most widely used 3D printing metals and alloys com-
mercially. Other materials include Co-Cr-Mo, AlSi10Mg (Maskery et al.,
2016), and the nickel-based super-alloys Inconel 625 and Inconel 718 (Li
et al., 2015). Gold, silver, and platinum are employed as raw materials for
selective laser melting, which is then used to print required products (Zito
et al., 2014). There are a few explanations for why there aren’t many metals
suitable for 3D printing. Three-dimensional printed metal parts usually have
the problem of high porosity occurring during the printing process as small
holes and cavities are formed within the part. Other issues with metal 3D
printing are development of residual stresses, cracking and warping, forma-
tion of oxides, necessity of post processing and poor surface finish. One such
example is the affinity with air in aluminum and aluminum alloys. It causes
issues with particle sintering and creates an aluminum oxide layer at the
surface. Both Inconel 718 and 18Ni300 maraging steel generate issues in the
melt pool by forming stable oxides that climb to the top (Zhang et al., 2013).
Silver, copper, aluminum, and gold alloys, which have low absorption and
strong thermal conductivity, make it difficult to produce a melt pool.
Additionally, the magnitude of residual stresses in metal 3D printing is also a
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source of concern. High tensile stresses are present at the outside surfaces,
whereas zones of compressive stresses are present in the core. Additionally,
stress gradients develop within the product and are influenced by its geom-
etry, height, and build direction.

In AM, ceramics are also being used more and more. However, their direct
usage in AM presents challenges due to their high melting point and low
durability (Niu et al., 2017). Many techniques were used to directly use
ceramics in additive manufacturing (AM), but these led to thermally induced
cracking. When ceramics are used indirectly in additive manufacturing, the
product must be bound together with a binder. All other AM processes, with
the exception of direct energy deposition, are utilized in the indirect manu-
facture of ceramic goods. One of the first techniques used when ceramics
were first used in additive manufacturing (AM) was combining ceramic
(mostly silicon nitride and alumina) with a stereolithography resin.

A method called freeze-form extrusion fabrication (FEF) uses ceramics to
create 3D objects while still being environmentally friendly. It creates the
thing layer by layer under the guidance of a computer using aqueous col-
loidal pastes with minute amounts of organic binder (Leu and Garcia,
2014). One of the main issues with FEF is that large ice crystals form during
freezing, causing low final product densities and the development of holes
that degrade the product’s general qualities. Adopting the Ceramic-on-
Demand method, which is done at room temperature and uses radiation to
dry the product, is one option to solve this issue. Additionally, it is highly
helpful for creating intricate shapes out of ceramic materials (McMillen
et al., 2016).

Composites are increasingly being used in 3D printing, and novel com-
posites with unproven qualities are constantly being created. The feedstock
material, its qualities, and its uniformity should be taken into account when
creating a composite. The composites should be properly bonded together
and have strong mechanical characteristics. The three types of composites
that are most frequently utilized are metal matrix composites, ceramic
matrix composites and polymer matrix composites. In addition to using
fiberglass or carbon fiber, fiber reinforced composites are also employed in
additive manufacturing (Hofmann et al., 2014). There have been efforts
made to find composites that can be produced from waste materials, agri-
cultural byproducts, and items that are both safer for the environment and
more cost-effective. One such substance is oil produced from used coffee
grounds (Ox-SCG). A single screw FDM filament extruder can produce Ox-
SCG and PLA composite filaments. Ox-SCG has been utilized with materials
other than PLA in the past. For instance, when researchers (Huang
et al., 2018) combined coffee husks with a polyethylene matrix, the total
modulus and thermal characteristics increased. Additionally, there have been
numerous attempts to use rice husks in 3D printing. In a study, twin screw
extrusion was used to combine wood powder and rice husk powder in PLA.
Apart from these, many other natural or agricultural by products have been
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used to fabricate composites for 3D printing such as bamboo (Bodros et al.,
2007), coconut, flax, hemp, and wood floor (Deb and Jafferson, 2021).
The development of new materials, or the modification of existing ones,
that not only meet the criteria for strength, durability, reliability, economics,
and sustainable aspects, but are also compatible with existing 3D printing
techniques is required due to the use of smart manufacturing techniques and
the need for products with superior properties for advanced engineering and
industrial applications. There is still a lot of work to be done in this area.

1.3.1 New product development and 3D printing

The development of new products involves a process from ideation to end
of life commonly referred to as product development cycle. With the rise
in the competitive global market scenario, it has become imperative to
develop products in shorter time durations with reduced cost. The process
involves various steps such as ideation, prototyping and testing wherein
3D printing can help. With the introduction of 3D printing technologies,
a number of activities involved in a typical product development cycle
have become easier, efficient and faster (Wilkinson and Cope, 2015). The
stages such as ideation, prototyping involve lot of iterative processes
which have become easier by involving 3D printing technologies. The
direct development of 3D part from a CAD file helps to achieve designs
which are customer centric. Further, the advanced concepts of concurrent
engineering such as Design for Assembly, Design for Safety, and Design
for Manufacturing can be implemented in a better way while manu-
facturing by additive manufacturing.

1.3.2 Opportunities, challenges, and application areas

Additive manufacturing has evolved as alternative and efficient manu-
facturing process particularly for development of parts which include intri-
cacies and complexities in their design. Apart from being material efficient,
cost effective the processes are sustainable as well. Also developing optimized
geometries with advanced materials has become easy. Further, the cost of
tooling and post processing has also considerably reduced. The development
of spares for onsite maintenance of remote machinery has become easier.
However, there are a lot of challenges which need to be overcome before
the large scale implementation and exploitation of these technologies. The
challenges include material compatibility of these technologies, cost of raw
material, and skilled labor for operation of the machinery in remote loca-
tions. Further, the mechanical and physical properties of the parts developed
by 3D printing are also not comparable to parts produced by conventional
processes. Optimized process parameters and standards needed for pro-
ducing parts with better mechanical and physical properties are still in
developing stage and need more research. Poor interlayer bonding is also a



18 3D Printing and Sustainable Product Development

issue which needs to be addressed in most of the AM technologies as the weak
interlayer interface leads to crack initiation and hence failure.

The AM parts find applications in diverse fields such as medical, aero-
space, solar, automotive, art, jewelry, and construction. The medical ap-
plications include dentistry, scaffolds, bone implants, tissue engineering,
surgical tools, etc. The application areas can further be expanded by trying
new material options and working toward minimization of cost. Involving
3D printing for printing by materials such as smart materials, and nano-
materials can further help to expand the application arena.
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2.1 INTRODUCTION

Sustainability is becoming critical in this decade. The Brundtland Report
(1987), published by the World Commission on Environmental Sustainability
and Development, is recognized as a pioneering document that brought
attention to sustainability concerns. The report tackles various pressing issues
that necessitate immediate action, including energy efficiency, the global
impact of industrial growth and sustainable development. Toward this, sus-
tainability can be analyzed from multiple dimensions, such as environment,
society and economy. In this chapter, plastics materials are applied, as an
example of the recycling and manufacturing process, to illustrate how additive
manufacturing (three dimensional printing - 3DP) can achieve sustainability
(Figure 2.1).
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Figure 2.1 The roles of additive manufacturing (3DP) in promoting sustainability of
environment, society and economy.

The role of 3DP toward sustainability in terms of environment, society and
economy is discussed. Three-dimensional printing and its impacts against
materials recycling and manufacturing, products applications, the advantages
and disadvantages, AM’s promotion of humanism, as well as how 3DP affects
transportation, localization, and supply chain are discussed in the following
12 sub-sections. Moreover, issues such as rural development and transpor-
tation mitigation, strategic planning and standardization are addressed.

2.2 RECYCLING

Materials recycling can reduce the materials wasteat the end of life (EOL) to
those countries emphasising the materials recycling and recycling technol-
ogies, while producing tremendous socioeconomic values (Peeter et al.,
2017). Methods for how to increase recycling rate has been a critical mis-
sion, as the material recycling rates are still low in developed countries,
while the rates of materials recycling are still close to zero in those devel-
oping countries (d’Ambriéres, 2019). For this reason, improvement of
materials recycling rate and recycling efficiency is one of key elements to the
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sustainability of manufacturing industry. Furthermore, reduction of mate-
rials waste through the recycling process can be advantageous to the 3DP
technologies.

However, based on the statistics of materials waste in 2015, the materials
recycling accounted for less than 20% globally, while disposal accounted
for 55% and incineration accounted for over 25%. In order to increase the
materials recycling rate, the ecologists encourage enterprises and various
sectors to form synergies to tackle this issue (El-Haggar and Salah, 2007).
In this study, the objective is to achieve 100% materials recycling with 0%
landfill which can be challenge. However, this is feasible if the materials
recycling cost can be minimized and efficiency can be improved. Eventually,
consumption of energy and emissions of CO, can be eliminated, and the
yield (%) of materials can be improved (Wiesmeth, 2020).

Fast development of AM has built a foundation ofeconomical sustain-
ability of distributed-recycling-AM (DRAM) (Little et al., 2020). Three-
dimensional printing can print parts of a product by computer-aided design
(CAD) by using standard tessellation language (STL) or stereo-lithography
files holding the data of those sliced shape or triangles of the parts that
can fully utilize the recycled materials in various applications (Wong and
Hernandez, 2012).

2.3 PRODUCTS APPLICATIONS

Three-dimensional printing technology emerged in the 1980s. In these few
decades, it has grown exponentially in the fields of technology, market and
applications. Three-dimensional printing is expected to maintain a steady
growth of 30.2% annually, reaching $34.8 billion by 2026 (Markets and
Markets, 2021).

The ASTM Standard categorizes AM into seven types of technology,
and they comprise: Extrusion of Material, Sheet-lamination, Vat-photo-
polymerization, Binding-jetting, Powder-bed-fusion, Directed-energy depo-
sition and Material-jetting (ASTM International, 2013). Deployments of the
AM technologies depend of the applications and conditions of the manu-
facturing process, and the usages and selection of technology can be critical to
the 3DP or AM processes (Santander et al., 2020; Ozkan et al., 2015).

Three-dimensional printing manufacturing is carried out via different
methods. The materials can besolid, liquid or powder, and different types of
materials have their respective advantages. Main componentsfor AM
machine are: the frame, printer head and movement mechanics, build plat-
form, stepper motors, electronics, firmware, software and filaments as sup-
port substances (3D Insider, 2020).

Consumer behaviors in reducing materials usages and recycling habits
can also be important for the recycling waste management. Recycled
materials wastes were tracked and analyzed, to produce the statistics of
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recycling rate. As it is indicated in the global statistics in 2015; over
95% of the 146 million tons of primary materials was disposed which
threats the sustainability of the manufacturing industry from the view-
points of the sustainability of environment, economies and society
(Dengler, 2017).

Within the plastics industry, high-density-poly-ethylene (HDPE), poly-
propylene(PP), polyethylene-terephthalate (PET), and low-density-poly-
ethylene (LDPE) accounted for 62 % of global plastic demand (PlasticsEurope
Market Research Group, 2015). Among these, PET and PP contribute 45 %
of plastic products, while 60% of both types are deployed in the applications
of packaging. Such type of application is controllable if the consumers have
sufficient awareness of sustainability and willing to corporate by following
the regulations or instructions. From the viewpoints of manufacturers, types
of the recycled plastics vary which mainly consist of flake, pellets or materials
that do not need extensive processing. If the manufacturers can widely cover
all different types of recycled plastics, and reduce the cost and improve
the process efficiency, then the plastics recycling rate can be significantly
improved.

2.4 ADVANTAGES OF 3DP

AM can be one of the best methods in plastics industry, as AM covers a broad
range of functions, shape, and complexity. Example is, AM deployment in
medical instruments fully meets the requirements of customization and per-
sonalization that may not be easily replaced by other technologies (EOS,
2021). The other example is the AM applications in the automotive industry
that requires a frequent replacement of parts or components of different
brands or different structures of the vehicle that only AM can print the parts
based on the demands (Zahnd, 2018).

The AM’s characteristics in design flexibility make prototyping easy, and
AM can manufacture the complex productions of different shapes and
various types of materials without difficulty. Furthermore, AM can be cost-
effective and time saving in those suitable applications (Hendrixson, 2016;
Kim et al., 2021). A robust integration across plastics recycling and process
of AM can be even an efficient way in achieving sustainability and forming
a closed-loop recycling which is important to sustainable manufacturing.
Closed-loop recycling enables the entire designing process, materials, pro-
totyping, manufacturing and products to be connected together in a sus-
tainable loop (Hendrixson, 2021).

In terms of the products, as 3DP is able to change some particular parts
without impacting the whole item, it is being increasingly used in light-
weight products that require high customization, energy-saving and per-
sonalization, and also the products that require frequent replacement of
their parts or components (Huang et al., 2016).
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AM applications are estimated to hit $23.33 billion in 2026, and among
all products, AM is expected to achieve high performance and light-weight
requirements in aerospace industry, as well as those high demands in
medical industry based on its unique characteristics in personalization and
customization. The advantages of AM and successful stories in the typical
applications are listed as followed:

¢ Transportation: Reduction in transportation distance is the key
advantage of AM. The localization of AM can reduce cost, supply
chain requirements (Garmulewicz, 2016), transportation distance,
energy consumption, and CO, emission.

e Medicare industry: High personalization and customization are the
basic requirements of medical instruments. Applications in medical
industry are versatile, from eyeglasses, hearing aids, orthodontics, to
the tissue repair and organ transplantation. An emerging technology
of Medicare has been developed by the State University of New York.
The method “FLOAT” is able to print human body parts in a few
minutes (Anandakrishnan et al., 2021). This development enables AM
capability with high potential to save millions of lives, by allowing
rapid organ transplantation.

¢ Architecture industry: AM in architecture industry is promising in
construction. AM advantages cover; environmental friendliness, low
cost, reduced injury, and time saving (Hager et al., 2016). AM enables
users flexibility in design and adjustment based on their own habitat
in simple in-situ construction. These advantages are particularly
important to the developing societies and urgent conditions such as
aftermath of disasters.

¢ Automotive industry: One automotive can be composed by hundreds
or thousands of parts, and capabilities in prototyping and printing
spare parts are critical. Because 3DP does not need a final assembly
process, 3DP or AM can be flexible in fabricating spare parts based
on demands, and cut the manufacturing life cycle, and these are the
unique characteristics of AM or 3DP. For instance, AM Company,
Stratasys, improves the efficiency for the jigs and fixtures department
of BMW, which has led the car manufacturers deciding to use AM as
the primary method replacing the conventional manufacturing (CM)
(The 3D Printing Solutions Company, 2014).

Based on the analysis work of Frost and Sullivan (Frost & Sullivan Global
Research Team, 2016), 3DP will continue its steady growth across different
regions. Among all regions, Asia ranks top at 55% yearly growth based on
the trend and estimation. The scale of 3DP isgrowing in all continents
however, even though 3DP is not a labour-intensive technology, 3DP relies
on home-based businesses (HBM) to enable its capability in mass produc-
tion, and to meet the markets’ demands. For this reason, localization of
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3DP or AM, and a seamless integration to plastics recycling is crucial to
fully utilize 3DP’s advantages.

2.5 CHALLENGES OF 3DP OR AM

Compared to primary plastics, reuse of recycled plastics is critical to sus-
tainability as plastics recycling saves materials, reduces energy consumption
and the cost as well. However, plastics recycling needs an improvement in
the recycling process to sort the plastics waste, and to eliminate the quality
degradation as in the current situation, a quality degradation at around
10% is common in plastic recycling process (Merrild et al., 2012).

In addition, 3DP or AM is facing a challenge in speed and scale that can
limit 3DP to those products of smaller quantity with higher complexity (Lee
et al., 2017). Fully utilizing the HBM, and innovation of technologies of
3DP may solve the speed and scale issues (GE Additive, 2020). For instance,
industry is developing new AM technologies that deploying up to one
million of diode lasers to increase the scale and to enhance the printing
speed (AMFG, 2020). In addition, 3DP is expected to fully utilize multi-
entities through a collaborative HBM community that may minimize the
challenge of speed and scale.

2.6 3DP FOR HUMANISM

Three-dimensional printing is widely recognized and utilized mainly for
business and aesthetic usages. However, the technology also has huge po-
tentials to be developed for humanitarian uses. Firstly, AM allows all users
to design and customize personal items, especially in times of emergency.
During the early stage of the COVID-19 pandemic, there was severe
shortage of facial masks. Two students in Japan collaborated to print self-
designed mask “PITATT” and provided open-source code (Iju and Hattori,
2021). As changing product shapes only requires changing the software
codes therefore, quality improvements can happen with minimum efforts,
particularlyto those items of common usages with huge number of users.
AM assists development and job creation especially in rural areas by means
of HBM. Three-dimensional printing machines for entry levels usually cost
only a few hundred US dollars (Carneiro et al., 2020). Some websites such as
“Repetier.com” provide free CAD software of 3DP which can be saved in a
repository and can be accessed world-widely through the cloud technologies.
The reusable files and easy manipulation of the software codes are stored in a
standardized format, and “printing on demands” can be one of the most
significant advantages of 3DP that save time, increasing efficiency, reduce
cost and contribute to sustainability (Michelle, 2018). Basic AM design does
not require high level of skills and capital for production, and most of the
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people can establish home business and become producers. For those local
cultures, art communities and households, AM can empower designers to
improvise with unique creations or folk art.

2.7 TRANSPORTATION

Transportation has been identified as a significant factor that impacts sus-
tainable manufacturing. A full utilization of recycled plastics replies on the
efficiency of plastics recycling through an optimization process. In this
optimization process, transportation distance can be optimized under a
precise calculation of plastics recycling facilities that minimize unnecessary
transportation, and significantly reduce energy consumption and CO,
emissions. Supported by the simulation technique, the optimized trans-
portation of plastics recycling process can reduce the cost, CO, emission
and energy consumption (Wu et al, 2022).

Localization has been one of the most critical characteristics of AM or 3DP
that contribute to sustainability if the plastics recycling and manufacturing
are fully integrated. Based on this foundation, a robust integration of plastics
recycling and AM can reduce transportation distance and the consumption of
energy however; this critical factor has been missing in the existing literature.
Most of the literature consider that AM may not easily achieve process
standardization through the integration (Peng et al., 2020) which may not
reflect reality instead; they may cause a slowdown of AM advancement.

From the viewpoint of environmental sustainability, transportation can be
a significant factor and localization may ease the environmental threat caused
by plastics waste transportation as supply chain can be eliminated in AM and
all parts do not need to be assembled in a final plant (Garmulewicz, 2016).
For this reason, this study utilizes the AM’s advantages to eliminate supply
chain to reduce transportation and to improve plastics recycling and
AMprocess to achievebetter sustainability in environment.

Minimizing supply chain engagement in 3DP is feasible, but a full elim-
ination is not realistic. As it is indicated by Attaran (2017); the five areas that
transform supply chain process; decentralization, sustainable manufacturing,
competition, customization, and manufacturing on-demands. This improve-
ment may strengthen AM’s capability in reducing transportation before a full
elimination of supply chain.

2.8 LOCALIZATION

Traceability, scaling production, quality and speed are the barriers to the
current3DP technology need improvement. Localization is the critical factor
to AM that support traceability, liability and legality as all the transactions
are stored in the cloud environment. A sharable platform and community for
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AM helps the traceability in the decentralization environment, and trans-
parency of a common platform enhances the traceability, which can be the
first step of localization.

From the existing literatures, AM’s local recycling and manufacturing
will become a trend with the advancement of technologies of AM (Kleera
and Pillerb, 2019). More literatures further indicate that as assembly and
tooling are not mandatory steps to AM, AM’s dependency on logistics and
supply chain can be eliminated. AM tips the balance between manu-
facturing and recycling, between outsourcing and insourcing of supply
chain, and between recycling of plastics and AM process that can advan-
tageous (Mourdoukoutas, 2015).

Furthermore, 3DP’s easy-entry to HBM supports localization and drives
AM’s advancement into a more decentralization in a distributed manu-
facturing environment (Inimake, 2021). In this transformation, HBM will
become a significant workforce of 3DP that supports AM in resolving scale
and speed issues and meanwhile, solve society issues as tremendous job
opportunities can be created in rural areas through the development of AM
community or HBM. Because setting up of 3DP machine only requires a
few hundreds US dollars to start HBM, it will be easier for the new residents
to establish their AM career if the authorities can support the infra-
structure, education, and regulations in the relocation from urban to rural
areas. Under a solid foundation of AM community and HBM, localization
minimizes supply chain reliance and transportation distance.

Ben-Ner predicted that localization will be the trend in the future and that
extensive supply chain will be reduced or replaced by alternative solutions
(Ben-Ner et al., 2017). Meanwhile, local network will replace long supply
chain and support collaboration in the sustainable supply chain. Several lit-
eratures suggested AM local supply is feasible and cost-effective, but tech-
nologies and standards can be conditions and the areas of challenges. In
addition, transportation can be a crucial factor of supply chain from both
economies and environment perspectives (Garmulewicz, 2016, Attaran,
2017, Akbari and Ha, 2020).

Distributed and decentralized manufacturing are the foundation of local-
ization. In a digital world, global collaboration and local manufacturing will
establish flexibility in plastics industry and bring in positive impacts on sus-
tainable development (Attaran, 2017). Local manufacturing will become a
trend with the advancement of AM technologies (Kleera and Pillerb, 2019),
and local manufacturing in a distributed environment (Kleera and Pillerb,
2019) can be the step stones of HBM and AM community in this advancement.

2.9 SUPPLY CHAIN

Supply chain and logistics can cause enormous energy consumption and
CO, emission if they are not well-designed. Three-dimensional printing
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through plastics recycling can eliminate supply chain and reduce energy
consumption. With the advancement of AM technologies, decentralization
of AM can save the cost, reduce risk and lead time, while increasing
operational autonomy (Khajavi et al., 2013).

Reduction of reliance on supply chain gives us a better future in sus-
tainability and manufacturers of plastics shall establish collaboration with
the suppliers in this transformation (AiChin et al., 2015). Products pro-
duced by AM are a further step close to those consumers and less demand
on packaging, transportation and materials for shipping can save cost
and protect our environment that contribute sustainability (Kubaé and
Kodym, 2017).

AM prevents constraints from traditional supply chain, particularly for
those low volume, and customer-specific items. Its flexibility and agile
adaptation to demands engenders many benefits unwitnessed by traditional
supply chain, such as customised production, localized distribution and
manufacture, short transportation distance and lead time, and low footprint
of carbon (Kuba¢ and Kodym, 2017). In taking sustainability concept into
supply chain management, green supply chain has become a trend recently
(Mohtashami et al., 2020) and reduction in transportation distance can be a
key area of green supply chain that consume less energy and produce less CO,
(Nikolaoua et al., 2013) that support environmental sustainability.

From the perspectives of economies, cost in transportation can be ex-
pensive, and the final price is often several times of the original value. The
transportation requires natural and economic resources, resulting in fuel
usage, air pollution and extra cost (Mckinnon and Yongli, 2006).

In addition to the technologies and process, there is a mutual dependency
between plastics recycling rate and cost saving which requires collaboration
and standards to enable their interferences. In addition, the concept of
“fabricating parts on demands” can reduce supply chain reliance and can
reduce plastic waste as well (Ribeiro et al., 2020). However, these are not
found in the related literatures, which need further investigation.

2.10 RURAL DEVELOPMENT AND TRANSPORTATION
MITIGATION

Many literatures indicate that the AM localization can be established
through the hub-like networks of local communities. In this hub, HBM
plays significant role in providing workforce of AM through the relocating
of the overcrowded population in urban areas to form AM community in
rural local areas, which can be also a win-win situation for both urban and
rural areas. As indicated in the World Bank, overcrowing situation in big
cities will hit 70% of global population by 2050 (World Bank population
density, 2018). The rapid growth of population affects the rural develop-
ment, and degrades environmental sustainability (Ray, 2011).
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From the perspective of AM workforce, overcrowding in major cities
causes abnormal growth of energy consumption and degrades of eco-
system. To mitigate the issues, the U.S. has developed several programs for
AM, to fabricate parts and create opportunities of AM jobs in rural
development (Legg, 2021). The programs also provide training in manu-
facturingto help the residentsto establish their careers within the local area
(Jones et al., 2021).

2.11 STRATEGIC PLANNING

To promote AM to an industry mainstream, a realization plan needs to be
in place. Currently, AM needs some improvements in its technologies and
processes, to make it efficient. In addition, the cost pattern, and workforce
of AM need to be planned first, followed by an evaluation, particularly the
applicability of the standards and methods, to tackle with AM challenges,
and to fully utilize AM’s advantages to convince stakeholders to invest AM
in those areas need further development. Through a robust integration
between plastics recycling and AM process in rural areas, the win-win
results can be expected, and sustainability can be achieved.

Similar to other industry, plastics recycling and manufacturing have close
linkage to the developmentin rural areas. This implies, rural development
requires stable residency from the local people, to devote their effort to AM
community or HBM. However, abnormal migration has caused significant
impact that affect rural development. Migration from rural to urban in an
abnormal situation can ruin the plan of rural development and simulta-
neously affect the sustainability in the urban areas as well. Social-economists
alerts that; the povertycan be the tactical issue and one of the major reasons
cause abnormal migration. In this over-urbanization situation, the surplus
workforce in urban areas can fasten situation of unemployment in the lower-
income level and potentially hastens an unbalanced ecosystem, living quality
degradation, pandemic crisis, crime records and social issues that affect
sustainability (Gebrea and Gebremedhinb, 2019).

Settlements Program from the UN Humanity also alerted that abnormal
rural to urban migration can affect sustainability of environment, econo-
mies and society, particularly the ecosystem (Gebrea and Gebremedhinb,
2019). In order to mitigate this issue, job opportunity in rural areas, rural
development and livelihood of rural residents need to be handled carefully
to make sure the rural habitants have same access and equal quality of
infrastructureto improve their livelihood toward a resilient society.

Overcrowdedness in major cities can degrade living quality and affect
sustainability. Relocating those congested population, from urban to rural
areas, will not only lessen this degradation but also provide a robust
workforce to the rural development of AM or HBM. Job opportunities in
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rural areas can attract tremendous AM workers and HBM to establish their
career in rural development, and support AM localization toward sus-
tainability. Consequently, the logistics and supply chain can be eliminated
through AM localization, transportation distance can be minimized, and
consumption of energy and emission of CO, can be reduced.

AM localization will become a trend with the advancement of technol-
ogies (Kleera and Pillerb, 2019). Through a well-planned localization, the
demographical balancing will support AM to reduce supply chain and
increase workforce (Akbari and Ha, 2020; Arora et al., 2021).

In order to establish a concrete foundation of rural development sup-
porting AM or HBM, this research proposes a model of strategic control to
guide the planning and metric usages to fully utilize AM’s advantages.
Furthermore, the model enables the sourcing capability of workforce to
assist AM’s mass production and manufacturing on demands by relocating
the population from congested cities to the rural areas (Arora et al., 2021).
The model not only creates tremendous job opportunities but also supports
social sustainability, solving many social issues. Through this transforma-
tion, the new residents in rural areas have opportunities to enjoy their equal
opportunity of livelihood same as those people in urban areas (Kjaerheim,
2005).

In this model, the population balancing plays a critical role in strategic
planning because it realizes AM localization. With the advancement of AM
technology, a huge portion of the nation’s land can be fully utilized through
the rural development in AM and HBM. This study also discovers some use
cases in the recent AM development through international collaboration. For
instance, the huge AM market has promoted some great opportunities in
India demanding huge workforce in the suburb or rural areas. However, in
order to prevent the risk and build a concrete foundation in sustainability, the
strategic control needs to be in place before the mass production.

In terms of control metrics, the rural population ratio and crowdedness
index are the important indicators in setting up regulations of demographic
population to establish a virtuous cycle in sustainability. Strategic control
model provides guidelines through a human-centric approach, and fills the
gap in AM technologies or process, and to envision the correlations of
different aspects in sustainability.

2.12 STANDARDS

Standards mean uniform formats or specifications in technologies, pro-
cesses or the methods that can be commonly recognized by the industry in
the daily operation. The standards need public agreement as promulgated in
those recognized organizations of standards (Clark, 2017). There are many
areas in AM need standardization such as technologies, materials, tests,
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printing parameters or product specifications. Among these, testing stan-
dards can be crucial which can be the foundation of AM technologies that
making the products reliable and reproducible (Dizona, 2018).

The responsibility of AM standards shall not be limited to one person or
one role. AM production requires multi-entities to consolidate different
viewpoints into one vision that is sharable across common practices.
Currently, as lack of communication and consensus in the plastics industry
and large enterprises, AM standards are still a challenge.

In order to solve the issue, this research proposes collaboration and com-
munication across different entities, and suggests a broad scope communica-
tions; such as large enterprises, authorities of government, academia, designers,
consumers and manufacturers are recommended to develop the forums of
discussion. In addition, this research suggests a construction of common
repository and platform to share the design concept, results of product tracking
and software, to establish a uniform format for common usages. This supports
the standardization of AM to become industry mainstream.

In 2009, F42 committee was formed by ASTM international to develop
global standards of AM technologies and materials that covered a variety of
applications, materials and technologies. In 2011, ISO/TC committee was
formed by ISO, and both ISO and ASTM jointly agree to establish global
standards through this join development to make the standards more
transparent and ensure their full coverage.

Initially, the standards covered products quality, safety, machinery, and the
working environment of AM. On the other hand, the Standard Development
Organisations (SDOs) developed specific standards in the AM industry
domain (Gumpinger et al., 2021) that may supplement some additional
requirements of AM in the particular sectors. These standards comprise
materials, design, applications, test methods, and terminologies to make sure
the quality of the products and procedure satisfy AM’s requirements (ASTM
International, 2021).

In this consolidation, as evaluation takes time, and verification and vali-
dation require long process to ensure the accuracy in terms of the fabrication
process, surface finish, data format, and processing time, the issuance of
certificate may not be efficient to cope with those urgent cases. Furthermore,
the intellectual properties, legal process and mechanism of monitoring are all
the limitations that need to be covered in the global standardization.

Through the consolidation of global standardization, STL files, CAE,
CAD and the types of materials and their properties are well defined
through standardization process. In this process, as mechanical and mate-
rials properties need rigorous testing particularly in some specific usages,
the software as listed above need to be standardized in the global practices,
hence the designers can use the software directly, to print the products in

various applications and do not need a conversion during the printing
(Wong and Hernandez, 2012).
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2.13 CONCLUSION

In this chapter, the role of 3DP toward sustainability is discussed. Three-
dimensional printing technology contributes to environment sustainability
mainly through the waste recycling, materials saving, and CO, reduction.
To the 3DP industry, the higher recycling rate means less material con-
sumption. To the individual, 3DP’s capability in the engagement of local
businesses can eliminate supply chain, minimize transportation and con-
tribute to reduction of GHG emissions and energy consumption. Three-
dimensional printing also supports the households to utilize the recycled
materials in the spare parts and amend components in a meticulous and
agile manner, and effectively reduce wastes.

From social sustainability perspectives; localization, job creation and
collaboration are the potential areas that 3DP can fully utilize its natural
characteristics. Three-dimensional printing can be one of the top humanist
technologies, empowering individual consumers, households and small
local businesses based on demands. It is capable of fulfilling the needs for
niche and customized items, such as those medical usages that require high
degree of personalization. In those cases of emergency, 3DP also serves as a
swift aid for disaster aftermaths, to supply the demanding items locally; or
to meet the sudden surge of huge demands such as demanding from the
pandemic crisis. Furthermore, 3DP alleviates the excessive dependency of
individuals toward the market, transforming consumers into prosumers.

As to the economic sustainability, supply chain renovation, creative
industry and standardization are the discussion topics. Three-dimensional
printing can effectively reduce costs, lead time and tooling and machinery
efforts, which greatly benefits industries. Meanwhile, individuals and HBM
are capable of manufacturingparts or the whole products at a lower cost
and higher flexibility. Under the support of localization and HBM, the
current supply chains can be simplified, shortened or even prevented.

In addition to its miscellaneous applications, creative industry is one of
the most favorable fields, which can be an interesting area of 3DP to
accomplish within a short time. Creative industries, such as crafts, wearable
accessories, ornaments, toys and utensils, are some of the most direct visual
representations of the cultures and the values of a community. Empowered
with beginners-friendly technology like 3DP, local communities can visu-
alize and materialize their concepts in the simplest and most effective ways.

Finally, standardization of 3DP technology is discussed and solutions of
safety are suggested. Among all organizations of standards, ISO and ASTM
are the most influential providers of international and national standards
that contribute global standardization. A humanistic approach of how 3DP
achieves sustainability is the core of discussion. Governmental authorities
shall take responsibility and play a key role to assist the safe usages of 3DP
for local communities.
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3.1 DEVELOPING 3D PRINTING ALERT SYSTEM IN
CONCEPTUAL DESIGN

3.1.1 3D printing model in conceptual design of new
product development cycle

Three-dimensional (3D) printing is also called rapid prototyping because the
prototype could be built within a day or just a few hours. Conventionally,
when we want to build a prototype, we must provide the drawings with
detailed dimensions to the manufacturer first. After that, the manufacturer
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must find suitable materials for production. Finally, the workers could start
to produce the prototypes. Since this is not for mass production, the cost is
high and not all the manufacturers are willing to produce a few prototypes
using a lot of resources and laborers. Besides, the whole process could be
prolonged by the logistics or unexpected delay. The traditional way is also
inflexible. The design is likely to be changed for multiple times in con-
ceptual design. It is not feasible to wait for the manufacturer every time
when the design is changed. In addition, not all the product design com-
panies have their own workers that could produce the prototypes.
Therefore, 3D printing plays an important role in product design. The
design team could simply import the 3D model to the 3D printer and the
prototypes could be built automatically within a day. This could also
provide the flexibility of the design because it would not waste a lot of time
to build the updated model when the design is changed. This provides a
low-cost and effective solution to the product design team to build pro-
totypes for product evaluation.

3.1.1.1 3D printing model development

a. Look-like model review (aesthetic review for marketing review)

A 3D printer can be used to produce a look-like model, which is a prototype
that has the similar appearance to the actual product. It is unnecessary to
include all the components of the product in the model. Simply including
the body case or other accessible area of the product is good enough for
evaluation. This could save the materials and time to build the model. With
a look-like model, the marketing team could do a survey to collect user’s
feedback on the product. Based on the feedback, the design can be adjusted
accordingly to satisfy most of the customer’s expectations when the product
is available on the market.

b. Work-like model review (function review for production)

Work-like model is a prototype that has the function of the actual product. It
could be built by a 3D printer to evaluate the behaviours of the mechanical
components. The components with different dimensions or shapes could be
prepared first. By replacing the components in the work-like model, the
design team can find out the best combination of the components that could
satisfy the functional requirements. A 3D printer provides a low-cost, flexible
and rapid way to design the products. The cost of 3D printed materials are
relatively low when compared with metal. During the trial-and-error phase,
the design is changed frequently. A 3D printer could promptly help to print a
new component but not involve other parties; and could speed up the product
design process.



Applications of 3D Printing in Product Safety 41

c. Safety model review for hazard review

Safety is important in product design. Products must comply with the safety
standards in different countries so that they can be exported. A compre-
hensive safety model is required during product development because all
aspects of the products must be analysed. This model could be produced by a
3D printer for analysing the potential hazards of the product. This could help
to find the dangerous parts of the products such as sharp edges or corners.
These could lead to injuries when consumers are using the products. For
example, the accessible moving part of the interactive part of the product may
trap the finger and cause injury. After finding all possible hazards, the design
team could adjust the design and eliminate the hazards

In product design, aesthetics is one of the major concerns to attract
consumers in marketing review. The attractions representing the emotional
response are related to novelty and pleasant traits. The feeling of product
aesthetic by consumers are affected by moderators such as quality of
manufacture, brand reputation or viewing angle (Wu et al., 2017). Product
aesthetic is subjective to personal judgement and individual preference. It is
defined as how a product looks, feels, sounds, tastes or smells. Unlike other
dimensions, aesthetics is intangible and cannot be represented by a numeric
value. It is ineffective to use non-tangible analytical prototypes to do the
evaluation in a mathematical or visual manner because we are not able to
touch it. Therefore, in the early design stage, it is difficult to evaluate the
product aesthetic until the product is available on the market. However, it
is risky to wait for the response from the consumer after the product is sold.
This will also affect the brand reputation mentioned previously if the
product review is negative. This could be solved by evaluating the product
aesthetic in the early design stage.

The core element of the products is the function. When designing the
mechanical components, it is difficult to interpret whether they could work
as intended based on the virtual 3D model. Dimension is one of the con-
cerns in the function. The value of length, width and depth could have
different combinations. Different combinations of dimensions of the com-
ponents could lead to different effects on the function. Although this could
be done by computer-aided engineering (CAE) to simulate the stress dis-
tribution which helps to find the optimum dimensions, the actual movement
of the components is still unknown. CAE could only help to narrow down
the dimension range. The optimum dimensions must be obtained based on
different experiments. Force is also a design concern in the function of the
product. Many mechanisms are using friction to achieve the function.
Designers must design an effective shape or pattern to ensure the friction is
enough to support the action.

Design for assembly (DfA) focuses on ease of assembly of the product
and minimising the complexity of the assembly process. However, 3D
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printing models are always limited by size. A typical 3D printer can only
produce small parts. In order to produce a model in which the size is over
the limit of a 3D printer, the model must be separated into smaller parts.
Later, to assemble the parts produced by a 3D printer, screws are com-
monly used. However, it is not feasible for a 3D printer to print a screw
thread for a small hole because of the tolerance. The support will also affect
the quality of the screw thread. Therefore, generally there are two methods
to solve the problem. The first method is to print a hole that is slightly
smaller than the diameter of the screw. For example, for a M4 screw, a hole
with a diameter of 3.3 mm will be used. However, the difference between
the hole size and screw diameter depends on the tolerance of the 3D
printer. This value could be found out by doing several experiments. Since
the hole size is smaller than the screw, the screw could be used to tap a hole
so that screw thread is created since the materials used by 3D printers are
usually soft. However, this is not a reliable method. Therefore, in second
method, a square hole that is perpendicular to the screw hole will be added
to the model. The square hole allows us to insert the screw nut so that we
can use the screw thread of the screw nut to assemble the two components.
This simplifies the assembly process, and the assembly is more reliable.
This method is also easy for maintenance and replacement when compared
with the previous method. However, more effort is required to add the
square hole to the model.

Design for manufacturing (DfM) focuses on minimising the cost and time
of the production process while maintaining the quality of the product.
Using a 3D printer could save a lot of time because the product could be
obtained directly without having to wait for the courier if the manu-
facturing company has their own 3D printer. However, the quality of the
product would be a concern. Usually, 3D printed components are not
durable which will be worn out or broken easily. In addition, the strength
of the components is not strong enough to resist a large amount of external
force. Therefore, not all situations could apply to 3D printed components.
It is not recommended for permanent use or to resist force.

The costs are low when compared with producing metal components. The
cost of 3D printed materials are typically low. Each pack of the materials is
enough to support the consumer products. On the other hand, traditional
production methods require workers to mill the components. The labour
costs for making a single component would be very high, and usually it
contributes to a large portion of total cost. However, 3D printers could
produce the component automatically without extra workers, this could
significantly save the manufacturing cost.

3.1.1.2 Rapid changes of 3D printing model

There are three major versions in the conceptual design phase. The first version
is the look-like model for marketing that is reviewed by the marketing team
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or licensor. The second version is the work-like model for mass production
that is reviewed by the manufacturer. The third version is the safety model for
hazard review by a quality assurance team or commercial laboratory. For each
version usually several sets will be prepared. A 3D printer could provide the
flexibility to adapt to the rapid changes of the model.

3.1.1.3 Waste of 3D printing model

Stringing is a frequent problem in 3D printing. As a result, many filaments
would appear on the surface of the components. The simplest way is to
reduce the nozzle temperature in order to increase the material viscosity so
that stringing is minimised. This is because when the temperature is high,
the materials would be more liquified and extra materials would drop onto
the components at the end of the path. However, the temperature should
not be set too low or otherwise the material cannot be extruded. In addi-
tion, increasing the extrusion speed could also solve the problem. However,
an optimum speed should be found first. If the speed is too high, the ma-
terials printed onto the surface may not be enough. The settings of the
parameter are based on the material to be printed since physical properties
vary for different materials.

The improper settings are critical to the look-like model. The rough surface
of the prototype will affect the judgement on aesthetic. Besides, stringing
could not be eliminated in some cases even with optimum setting. For ex-
ample, when thin or small objects such as words or logos are printed,
stringing is likely to occur. Therefore, those are not suitable for aesthetic
review. In contrast, large objects with less complex shapes such as body cases
could be used for aesthetic review.

3.1.2 Design alert system in conceptual design
3.1.2.1 Product recall in the market

Product recalls can be devastating to different stakeholders in a supply
chain. There is an estimate of about 29,000 casualties in the United States
every year from consumer product-related injuries. Together there are
also approximately 33 million non-fatal consumer product-related inju-
ries (U.S. Consumer Product Safety Commissions, 1985). An annual
economic loss for more than 1 trillion dollars is caused by deaths, injuries
and property damages from consumer product accidents (U.S. Consumer
Product Safety Commission, n.d.). An independent commission should
be crucial to monitor and provide standard guidance for designing con-
sumer products, in order to improve product safety and reduce the risks
of related injuries.

The U.S. Consumer Product Safety Commission (CPSC) is established
under the Consumer Product Safety Act (CPSA) in 1972 by the Congress.
The CPSC is highly recognised as the global leader in monitoring the safety
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and potential hazards of consumer products. (U.S. Consumer Product
Safety Commission, n.d.)

The CPSC has lowered consumer product-related moralities and injury
rates over the past 50 years through its services and contributions. It de-
velops voluntary standards with standards organisations and different
manufacturers and businesses. The consumer products are banned in case if
there is no workable standards to adequately ensure the safety of the users.
Since 1994, it has negotiated on more than 145 voluntary safety standards
and has published more than 40 mandatory safety standards. It is also
responsible for making announcements in public, when it may offer up to
arranging for the replacement, fixing or refund for the recalled products
and identifying the product hazards, when necessary. It works to advise and
educate consumers, manufacturers and other stakeholders in the supply
chain, through online seminars, traditional workshops and social media.
(U.S. Consumer Product Safety Commission, n.d.). Every year, it reviews
about 8,000 accidental product-related casualties across all 50 states and
the District of Columbia. It achieves an annual saving of about $13 billion
in property damages, and health care and other social costs (National
Electronic Injury Surveillance System, n.d.).

3.1.2.2 CPSC product safety recall

In case if a substantial hazard to the public is identified in an existing
consumer product, the CPSC, empowered by the Consumer Product Safety
Improvement Act (CPSIA), possesses the authority to initiate the corre-
sponding product recall. It can also raise the civil penalties in case of
product safety violations, and set up mandatory performance standards
to certain tests and certification requirements, warning and instruction
requirements, for consumer products.

Upon identifying an intentional violation against Section 19 under the
CPSIA, the CPSC may seek U.S. courts to impose civil penalties to the
corresponding company. A violation can be any of the cases like: failing to
report potential product hazards; not meeting the Commission Standards as
required by Law; sales of recalled products and unauthorised use of certi-
fication mark.

Data from recall reports makes the information about the recalled
products open for download, including the descriptions and photos about
the potential hazards and the corresponding manufacturers. The data is
therefore very useful and valuable to product designers, who can learn
about the identified potential hazards in similar products. Review over
design problems and over previous recalls from such reports can therefore
be possible. Such data provides factual supporting references to product
designers to make evaluations and decisions, and strengthens them on top
of their own knowledge and experience on product safety. The product
designers can proactively use the CPSC product safety recall data, to modify
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the product design before printing a 3D conceptual model and before mass
production, to prevent potential safety hazards.

3.1.2.3 CPSC national electronic injury surveillance system

This data is extracted from the CPSC activities, being a statistically validated
injury surveillance and follow-back system and gathers from U.S. hospital
emergency departments about injury data related to consumer products in the
United States. It works on a probability sample of various scales and loca-
tions, to provide a countrywide estimation and types of injuries.

Every year, National Electronic Injury Surveillance System (NEISS) col-
lects information on almost 400,000 product-related cases from the sample
base (being collected from about 100 hospitals). The hospitals transmit
timely event information electronically, when the data can sometime be
available in less than 24 hours after the event (The United States Consumer
Product Safety Commission, 2017).

The CPSC publishes an annual NEISS Data Highlights report, which sum-
maries injury data by major product categories, and by age and gender. This
reportis a good entry point to review the common problems on product design
and safety.

Product designers can pinpoint their inquiries under the NEISS database
through specifying one or more variables. Potential hazards of different
consumer products can be quantified and estimated. NEISS has become a
very important product safety research tool for product designers throughout
the world.

Other countries also established similar systems to collect safety data and
publish alert systems on consumer products. In the European Union, for
examples, RAPEX is the Rapid Alert System for dangerous products (but
not including motor vehicles and the recreational craft); RASFF is the Rapid
Alert System for Food and Feed (but not including food packaging).
Different systems work in specific areas to monitor the product safety.

3.1.2.4 Design database

To increase the efficiency of the design process cycle and eliminate the
probability of product recall, creating a 3D printing database would assist
the product designer proactively. With the establishment of a 3D drawings
database, it centralises the drawings and evaluates the design based on
product safety. Based on the drawings on the software, a safety checklist
and safety alert could be provided through analysing the common risks of
different categories of product. For example, if the designer of the consumer
product has a potential sharp point and sharp edge hazard, the system can
pop out a safety alert to remind the designer to bear in mind certain
potential hazards. The design database can be based on the CPSC data and
update regularly.
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3.2 STANDARDISING 3D PRINTED PRODUCTION TOOLS

When production is running, mass quantities of materials, components and
production tools should align with the tightened product-launching schedule.
Companies usually assign their manufacturing plants in more than one
country for production across different regions at the same instant. Product
quality would be a major concern as these may be inconsistent as the devi-
ations of the production tools used in different manufacturing plants.

Once the conceptual design is finalised, companies could authorise one of
manufacturing plants to fabricate 3D printed production tools for con-
ducting a trial production. They can then check any problems in production
line, product safety and other uncertainties; and further amend the corre-
sponding problems and provide the enhanced digital 3D modelling file for
standardising the design of production tools from one production plants to
the others in order to minimise any deviations or errors of production tools.
Hence, the product quality and consistency will be secured.

The major applications of production tools are in sample assembly
process and sample inspection (MacLean-Blevins, 2017).

a. Production assembly process

During sample assembly process, there are different stages which test fixtures
are used. A plastic fixture is used to burn firmware programme to micro
processing unit (MPU) on printed circuit board assembled (PCBA). This fix-
ture connects golden fingers on PCBA and connect to a PC through flat cables
(Alitools, n.d.). Besides electronic assembly plants, fixture can be used as a
support on silk screen printing of round plastic cases. Plastic or plaster fixtures
are used to hold or fix the position of the product for in the assembly process
(AliExpress, n.d.). Other sample assembly processes, including ultrasonic
welding, wire routing and wire soldering, may include the use of fixtures or jigs
to support the completion of manufacturing process in a production plant.

b. Product Inspection

Test fixtures and test jigs are also used in sample inspection process. One
example is the test of PCBA functions after its manufacturing process in
PCBA manufacturing plants. In this process, a test fixture is built with the
installation of input and output devices such as LCD display, push buttons
and buzzers. When a PCBA is manufactured, it is placed into the fixture. This
fixture supplies power from a DC power source, and functions of the PCBA is
checked with push buttons and displays on the test fixtures. The test fixtures
are specially built for each PCBA and is traditionally made by acrylic plastic
(Royal Circuits, 2020).

Other test fixtures are built for quality assurance process, such as test
fixtures for durability test of hinges, and fixtures for electrical safety tests



Applications of 3D Printing in Product Safety 47

such as hi-pot checking and burn-in systems for switching mode power
supply or light bulb manufacturing plants.

3.2.1 Common types of test jig and fixture in the
manufacturing industry

In product assembly process, test fixtures are used to assist in fixing the
position of the product supporting the installation. For example, test fixture
is used to assist in fixing positioning of ultrasound welding process, and
silkscreen printing process of plastic cases. Traditionally, there are three
common ways to prepare test fixtures. With the price from low to high, they
are plaster molding, acrylic fixture and metal test fixtures.

a. Plaster-molded test fixture

Plaster-molded test fixture is a low-cost solution to build a test fixture from
plaster. The plaster mold is made with the real product parts. Plaster mold
formed by pouring liquid plaster into a container fitted with real product
parts (usually the case) as a mold. After plaster is dried, the fixture could be
used to assist in production process. Like fixing positions for further
manufacturing steps. Although the cost of this plaster mold is the lowest
among the 3 common types, it is not durable, especially in heavily loaded
manufacturing plant. Moreover, it is not used for production steps which
precision is needed.

Despite its low cost, plaster-molded test fixture is brittle and with low pre-
cision. Plaster test fixture shall be replaced frequently in a production line. In
addition, with low precision of this type of test fixture engaged, the frequent
altering of test fixture introduced quality issue in terms of homogeneity.

Plaster-molded test fixture is waring with respect to the time it is used.
This changes the dimensions of the fixture, thus affects the accuracy in
some manufacturing processes. Furthermore, plaster-molded test fixture’s
precision is highly affected by the humidity and temperature of the pro-
duction plants. For production plants located in different countries, the
durability, replacement and maintenance rate of these fixtures vary. This
introduced great uncertainties in the manufacturing process in the world
of globalisation.

With 3D printed test fixture, the selection of material allows manufac-
turer to make a balance between durability, precision, and cost. Three-
dimensional printers can make models from polyvinyl chloride (PVC),
acrylonitrile butadiene styrene (ABS) or even metal. Even for the lowest cost
PVC fixture, the physical durability is better than fixture made from plaster.

In addition, plaster molds have physical differences from one manu-
facturing plant to another. In contrast, 3D printed test fixtures are based
on electronically transferrable 3D drawing files. The file is identical
independent to plants using it. The precision is controlled by the 3D



48 3D Printing and Sustainable Product Development

printers. In theory, with the same precision given across similar models of
3D printers, the test fixture is literally identical in most manufacturing
plants in practice.

b. Acrylic test fixture

Acrylic fixture is a medium-cost solution to build a test fixture based on
acrylic plates and metal parts. This type of test fixture is commonly used in
electronic assembly lines fixing electronic parts such as LCD screens, and
connector components. The preparation of acrylic test fixture usually
involves a third party to support the building of such fixture. With an ex-
perienced fixture production party, the drawing of the fixture is designed.
Then, it is built manually by cutting acrylic sheets from its raw material.
Then pieces of cut acrylic components are glued and assembled. With hand
drilled screw holes, metal screws, hinges and levers are assembled to form
an acrylic test fixture. This test fixture provides better durability than
plaster fixture, and more precision in the manufacturing process.

While acrylic test fixtures are giving higher durability in the manu-
facturing plants, the creation of this fixture type needs to employ experi-
enced staff or third party in design. Acrylic test fixtures are not built directly
from 3D model files. The fixture preparation process includes cutting pieces
of acrylic boards from huge sheets of acrylic plates. Boards of acrylic plates
have fair accuracy on rectangular pieces, while for special shaped boards,
the accuracy subjects to several criteria like usage of automatic tools,
manpower skill and knowledge level, and other environmental factors.
Since the boards are prepared by cutting out the unwanted material, a lot of
acrylic material is wasted in the fixture preparation process, and this will be
reflected indirectly in terms of costs of fixture.

After cutting the acrylic boards, these boards are glued together by
craftsmen. Again, the precision of this fixture varies depending on the skill
level of craftsmen, as well as the time available to build the fixture. Also, the
labour costs of craftsmen varies with his/her skill level.

Another major drawback of acrylic test fixture is the production time.
Due to the need of assemble of the test fixture and preparation of material,
complex test fixtures may take seven to ten working days of preparation.
With a huge scale of production line, the time cost of test fixture increases
while the precision of the test fixture remains at a similar level in the
manufacturing process.

With 3D production tools are built from a 3D printer, 3D printing
process is a material addition process. Therefore, it minimised the waste of
material from plastic boards preparation. With previous discussion in the
building process from electronic 3D model files, there is little deviation of
the models built from the 3D printing process.

Three-dimensional-printed test fixture can give a higher durability as
compared with acrylic fixtures. For plastics with better durability, acrylonitrile
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butadiene styrene (ABS) can be used to give a satisfying level of durability for
the manufacturing process.

The preparation time of 3D fixtures are much shorter when compared
with acrylic test fixtures. A palm sized test fixture with assemble process
needed can be built in two working days (MacLean-Blevins, 2017), which is
five times more efficient than that of the acrylic test fixtures. Moreover, the
skill set needed to build 3D printing fixture with its assembly process is
much lower than that of the production of acrylic fixtures. For smaller
manufacturing plants, there is no need for them to pay for external parties
to build such test fixture. These plants can bring the fixture construction
process in house by introducing a 3D printer with limited price. The overall
fixture costing could be saved.

c. Metal test fixture

Metal test fixture is a fixture used for plastic molding, and heavily used
scenarios (adapted from Tension Technology, n.d.). Metal fixtures are pre-
pared by metal workshops through standard metalworks such as assembling,
cutting and bending. Like acrylic test fixture, the preparation of metal fixture
shall be handled by specialised craftsmen at metal workshop, usually out-
sourced. The design of metal fixture is provided by product engineer with
review and modification by experienced craftsmen in the workshop. This
kind of test fixture is the most durable and can be used in assembly processes
which high pressure or forces is engaged to hold the product in place.

Traditional metal test fixture, despite the durability of the fixture, is the
most expensive type of test fixture as high material cost and fabrication
technique are required. The preparation of test fixture consists of turning,
welding and different metal works. Its accuracy is largely relied on the
skillfulness of the party who is building the fixture. The increase in the
precision requirement of the fixture results in a dramatically rise in the cost
and a prolonged time to prepare for the fixture.

The preparation time of this fixture is also the longest among the three types
of production and test fixtures. This type of test fixtures can hardly be mass
produced, and there is a high potential for small- and medium-sized manu-
facturing plants ordering tailor-made test fixtures from a third-party fixture
producer, which is another significant budget added to these enterprises.

Since most test fixtures are built by third-party metal work production
houses, there might be communication error between manufacturing plants
and metal work production houses. For metal test fixture, even with small
deviation of understanding during the metal test fixture preparation pro-
cess, the fixture built is often irreversible. This implies a small communi-
cation error would result in reworking on the whole test fixture, resulting in
huge time and costing lost.

Latest 3D printing technology has already included metal, such as steel and
copper, as a printing material. This gives an alternative option for the
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manufacturing process which high level of durability is needed in the test
fixture during the manufacturing process. With precisive 3D printers avail-
able in the industry, the accuracy of a typical 3D printed test fixture can be
minimised, with an additional uniformity proofed across different manu-
facturing plants.

Three-dimensional-printed fixture does not require craftsmen with high
level of metal work skill sets. The quality of the fixture is controlled by the
3D printer, which is already a mature technology in the domain of indus-
trial manufacturing. The time of preparation can be shortened to two days
from weeks of preparation needed for external test fixture manufacturing
parties.

Three-dimensional-printed fixture are prepared based on the design of a
3D model generated by design engineer. The electronic files of the models
will not be different across different parties. The printing by the 3D printers
will work according to the 3D model file. Therefore, the risk of commu-
nication error between fixture production and manufacturing session is
minimised.

3.2.2 How 3D printed test fixture provides the best
replacement for traditional test fixtures?

With the introduction of 3D printed test fixture, test fixture can be built
using 3D printers of different printing materials like metal powder and
plastic filament. The durability and cost can be optimised with the selection
of suitable material to build the fixture and the cost of the 3D printing
machine. For instance, when compared a plaster fixture with a 3D printed
ABS fixture, the 3D printed fixture would outperform the plaster one no
matter in durability and cost.

About the quality and uniformity of the test fixture, since fixtures are 3D
printed, the quality is uniform across different production plants. The same
fixture can be built without the consideration of skill level of craftsmen in
the workshop. This can be applied on metal sheet banding process.

The design of the test fixture can also be simplified by the reuse of the 3D
drawings of the product to give the best dimensions in the design of the test
and production fixtures. With affordable 3D printers, fixtures are no longer
required to be built by external parties with a long period of logistic time
and procurement processes. The turnaround time of the production of test
fixture can be greatly shortened.

The precision of the 3D printed fixture can be highly controlled. With 3D
printing technology, there is no longer a need to manually cut acrylic and
metal sheets and weld or glue them up during the fixture production pro-
cess. The positions of screw holes and hinges are controlled by the 3D
printer which precision is guaranteed and well specified by the 3D printer.
This gives 3D printed fixture outranged workshop-built fixture in terms of
stability and precision.
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3.3 CENTRALISING 3D TESTING IN THE TESTING,
INSPECTION AND CERTIFICATION INDUSTRY

Testing, inspection and certification (TIC) refers to testing, inspection and
certification industry. For testing, usually a product is tested by a com-
mercial laboratory according to the international or national standards. A
testing report will be issued to indicate whether the product satisfies the
requirements. For inspection, a product is checked based on professional
judgement. For certification, a management system or product will be
audited by third-party certification bodies. The TIC industry plays an
important role in conformity assessment so that customers or the en-
vironment are protected.

According to the final report from the TIC Council in 2020, the current
global market size is estimated to be US$200 billion. It is expected the size
will be over US$260 billion by 2025. Outsourcing of TIC services has a
growing trend in the industry. There are around 1 million employees from
more than 160 countries in the TIC industry to provide conformity assess-
ment activities. The TIC industry is a large and growing sector (Europe
Economics, 2020).

There are approximately 10,099 (IBIS World, 2021b) and 2,855 (IBIS
World, 2021a) of laboratory testing services in the US and Canada,
respectively. According to the statistics in Hong Kong Council for Testing
and Certification, there were 830 testing laboratories in Hong Kong in
2018 with 18,690 of people engaged (Yim, 2020). Based on the laboratory
to number of people engaged ratio, for one million people engaged in the
TIC industry around the world, it is estimated to have over 40,000 TIC
laboratories in the world.

When a product requires conformity assessment service, the company
will seek for consultation from a commercial laboratory first. Different
countries have different requirements and standards. The countries to be
exported need to be determined first. Some countries like the US or EU
countries have strict rules and regulations on environmental protection.
Apart from safety and functional requirements, environmental standards
should also be complied. The product should conform to all the mandatory
standards or otherwise cannot be exported to those countries.

After consultation, the laboratory will confirm the standards to be
applied. The testing method to be conducted according to the national or
international standards is called standard methods. If the testing standard
could not fully satisfy the requirements, the laboratory could provide an in-
house method based on the requirements from the client. In-house method
is a testing method that applies the procedure of standard method but with
modified criteria. Some clients might use an in-house method as they would
like to have stricter requirements to ensure the quality of the product. There
are also non-standard methods that are developed by the laboratory
for special products which are agreed or requested by the client. Method
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validation and verification should be conducted according to the procedure
and requirement specified in international standard ISO/IEC 17025.

After confirming the testing method to be used, the commercial labora-
tory will select an appropriate testing machine and tool to test the product
according to the requirement specified in testing standards. Some typical
machines such as the universal testing machine (UTM) are commonly used
in the industry to test the tensile strength and compressive strength of the
product. To test the strength of the product, one end must be fixed as the
reference point so that the stress could be measured. Different shapes of
product would require different kinds of fixture for example V-block will
be used for holding the cylinder-shaped product.

Testing will be conducted after the testing setup is completed. In general,
testing could be conducted automatically or manually. For some tests that
require long duration or many repeated cycles, it is not possible to require
the technician to do the test repeatedly for long hours. For this kind of test,
an automated testing machine is usually available. Once the technician
finishes the setup, the machine will do the test automatically until the end of
the testing process. However, some monitoring is required because the
machines sometimes give an alert and the test will be paused. For manual
testing, usually the tests are short and simple which does not require a
machine to test.

3.3.1 Existing practice of testing machine, tool and
fixture in the TIC industry

In the TIC industry, although manufacturing stakeholders are following
the testing standards for testing the consumer products in different stages
of the new product development process, most of the testing machine,
tool and fixture are designed and made by individual manufacturing
stakeholders. A testing machine with the same function could vary in
structure, features, dimensions, tools and fixtures for different stake-
holders. It would be complicated to verify all the testing machines made
by individual manufacturers.

a. Purpose of making testing machine, tool and fixture

Not all tests could be handled manually. Therefore, testing machines plays
an important role in the TIC industry. Some tests require steady and stable
force or movement applied to the product. This could not be done manually
because technicians could not control the amount of force applied to the
product precisely. It is also impossible for technicians to apply the exact
same force to the product in each cycle. To ensure the quality of the testing
process, a testing machine is required to provide the reliable result. The
testing machine will also have some accessories such as a testing tool that
help technicians to do the testing setup. A fixture could be a component of
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the machine that is replaceable. This could ensure the accuracy of the
measurement or otherwise the value measured would be underestimated
since not all the forces are applied on the product.

For a commercial testing laboratory, several aspects needed to be con-
cerned before purchasing the testing machine. The machine should be able to
conduct the test that fulfills the requirements of the testing standards from
different countries. Different standards will have different requirements on
the parameter setting. The machine should cover a wide range of testing
conditions. In addition, safety is also a major concern when purchasing a
testing machine. Safeguards or devices should be provided and comply with
the local safety law to ensure the safety when operating the machine.
Otherwise, the laboratory must make their own safety devices before oper-
ation. Thirdly, the stability of the machine is also a key factor. A machine
should be automated without frequent monitoring. Machine downtime
should be minimised as much as possible. The machine should also list out
all the preventive measures that would affect the operation of the machine.

For manufacturers, they will have difficulty due to lack of resources and
technology. In order to lower the manufacturing cost, they tend to use testing
machines with the old technology without upgrading. These machines may
have a risk of not complying with the existing testing standards.

b. Common problems on testing machine, tool and fixture
i. Dimension deviation

In general, the testing standard does not specify the details of the testing
machine. The individual stakeholders will make the machine based on their
own experience. Therefore, different machines produced by different sta-
keholders will have deviation in the dimensions. The testing quality would
be inconsistent.

ii. Long time

Individual stakeholders have less support from other partners. It would take
a lot of time to design and manufacture the machine. If the machine fails to
meet the requirements, the design needs to be reviewed and modified which
will further take a lot of time. The time for logistics and customs is also a
concern because there are many uncertainties such as political issues
blocking the machine from entering the country.

iii. Insufficient development parameter
The resources of individual stakeholders are insufficient. All the features

must develop on their own. It would be difficult to make a reliable machine
that is up to standard as well.
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3.3.2 Centralising 3D printing file in the TIC industry

Universal testing machines are commonly used in the TIC industry.
However, the shape of the products is not standard or sometimes irregular.
If the laboratory does not have a suitable fixture to hold the product, they
must design a new fixture and find a manufacturer to produce the parts.
Without enough experience, the design might need to be modified several
times and it will take a long time to make a new fixture. If all the fixtures are
centralised in the cloud server, the laboratory could download and produce
the fixture immediately. Inside the shared storage, the folder should be sorted
by different categories so that the user could find what they needed easily.
Also, there should be sub-categories for the product with different dimension
ranges. For each design, the source drawing file should be provided so that the
user could modify the components easily since not all the design could cover
all the needs from the users.

The principle could also be applied to multinational corporations. The
company may have factories in different countries. The fixture from the out-
side may not be suitable for the company’s product. Therefore, the head-
quarters of the company could design the fixture and distribute it to the factory
in different countries.

a. Minimise dimensional deviation of testing machine and tool

When the users around the world use the same design of testing machine
and tools, the dimensional deviation could be minimised. This could help
to ensure the testing quality. The results are more consistent and trust-
worthy. Currently, testing reports issued by developing countries might
not be reliable. With standardisation, as long as the testing method is
validated, the test result conducted by different countries should be con-
sistent and reliable.

b. Distribute the standardised 3D printing file to global TIC laboratories
and manufacturers

Cloud services such as AWS or Azure are useful tools for centralising the
testing machine and tools. Every stakeholder could download and upload
their file to the shared storage easily. This could help to standardise the
machines all round the world. If the TIC council does not want to upload
the file to third-party organisations, they could deploy an on-premises
server. The file should be stored in the Network-attached storage (NAS)
with the protection of a redundant array of inexpensive disks (RAID) to
prevent losses. However, extra cost is needed. A web portal should be
created so that the member could access the content easily. The global TIC
laboratories and manufacturers should be members of the standardisation
council so that they could have an account to login and access the content.
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File extensions with.stl. and .STEP should be available for 3D printing and
modifying the model respectively.

c. Advantages of centralisation of 3D printing file
i. Align testing instrument and calibration

With a standardised testing machine, the calibration procedure could also
be standardised. In the past, when calibration was required, the laboratory
had to find the supplier of the machine. However, if the supplier no longer
exists, it will be difficult to find an expert to calibrate the machine.

ii. Enhance testing reliability

The testing result would be more reliable. The testing quality should be
consistent which is independent of the machine supplier or the country that
carries out the test.

iii. Shorten development lead time

There is no need to spend time on designing new components. The compo-
nents could be produced on-site immediately without waiting for the delivery.
The whole development schedule for project management could be con-
trolled easily since no third-party is involved.

iv. Reduce any argument of interpretation of testing method

When the testing results are produced by the standard machine that using
the recognised testing method, the chance of argument could be reduced.

3.4 ONLINE 3D PRINTING HUB

The following sections discuss how online 3D printing hub can be incor-
porated into different scenarios.

Traditionally, for example, when a consumer purchases an electronic
appliance from the store and some defects on the product are later dis-
covered, this usually results in the need to recall the product or to send
the product back to the manufacturer to replace the faulty parts. This is
time consuming and causes inconvenience as the consumer needs to bring
the product back to the manufacturer collection points or retail stores
for product recall. With the 3D printing technology, the consumer can pos-
sibly replace the faulty part on their own without having to send the product
back to the manufacturer. One of the ways this can be done is as soon as
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the manufacturer has identified the problem, they can redesign or modify the
component and release a video to educate consumers regarding the faulty
part. With the assistance of 3D printing, consumers can “print” the faulty
component and replace it with a new functional part on their own. The
following parts discuss more about the advantages, disadvantages of 3D
printing and various scenarios in which 3D printing can be applied to re-
placing faulty parts in consumer products.

Three-dimensional printing is not something new, as it has been available
for a few decades and has become much more popular in recent years as the
prices of the 3D printers have significantly reduced. There are several 3D
printing methods, namely Selective Laser Sintering (SLS), Stereolithography
(SLA) and Fused Deposition Modelling (FDM).

a. Selective Laser Sintering

In this method, a tiny SLS particle is distributed on the surface of the platform
and scanned by laser beam to form the first layer. Afterwards, the printing
platform is adjusted to lower level and the foresaid SLS process is repeated to
form the other layers until the 3D product is finally formed. This process is
more flexible as it does not require support material and suitable for printing
different materials. By developing and using inkjet printers and binding
agents in the binding process (rather than lasers), this method is capable of
full-color printing for the material (Brooks et al., 2014).

b. Stereolithography

SLA is a process that uses light exposure to solidify a liquid resin. The
advantages of this process like supporting frame (Brooks et al., 2014). A
movable platform is kept lowing for printing and lasing the resin until 3D
printed product is formed.

c. Fused Deposition Modelling

This is an extrusion operation, where a filament wire of printing material is
put into the preheated nozzle. The material is heated up by the nozzle and a
series of motors control the liquefier head and extrusion nozzle for making
model. Recently, FDM has been applied for making consumer products like
footwear in the consumer product industry (Brooks et al., 2014).

FDM is applied in 3D printing technology due to its simplicity and
flexibility. Desired shapes could be built by extrusion operation with
short operation time and low cost by comparing with other 3D printing
methods. Due to the competitive price, this is popular method in the
market nowadays (Hwang et al., 2014). FDM also known as personal 3D
printers (Cwikla et al., 2017).
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3.5 ADVANTAGES OF 3D PRINTING

By comparing conventional production, 3D printing offers low cost for
customising the product and minimising time that is needed (Khajavi et al.,
2014). This includes improving the manufacturer’s ability to address the
safety problem immediately. Using this technology can reduce the lead time
needed for corrective action to be carried out by the manufacturers.
Furthermore, using 3D printing for replacing faulty parts can diminish
delivery cost of new components from the factory to retails stores and
ultimately to consumers. Another advantage of using 3D printing tech-
nology is that it can enhance the interest in the product by consumers, as
they can easily “print” a new component and replace it on their own.

3.6 DISADVANTAGES OF 3D PRINTING

In some cases of 3D printing, such as printing metal, the fabricated items
can be prone to shrinkage, brittleness and uncontrolled porosity. There is
also the challenge of setting parameters such as deposition speed and
retraction speed before printing, which directly impact the 3D printing
surface and structural integrity (Kantaros et al., 2022).

Certain problems found in FDM 3D printers may include motor stall due
to excessive impact or resistance, nozzle blockage because the material is
not melted and abnormal wire extrusion caused by motor abnormality
(Liao et al., 2019).

In the following part, we will discuss four different scenarios involving
how the consumers can obtain the 3D printed component.

Scenario I: Consumer downloads the 3D printing file and print it by
themselves at home.

The main advantage of this scenario is that it is all Do-It-Yourself (DIY),
the consumer can do everything on their own at home and can obtain the
component wherever they want, and can have the faulty component re-
placed as soon as possible.

The downside to this is the user needs to have their own 3D printer at
home to be able to do this. One limitation regarding having the 3D printer
at home is the component may be a large in size that requires a large 3D
printer to print. Storage can become an issue, as there may not be space to
store a large 3D printer at home that is only used sparingly.

Another problem is the 3D printer that the consumers have at home may
not be compatible with the 3D printing file provided by the manufacturer,
therefore even if they have downloaded the 3D printing file, they may still
not be able to print the component at home.
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After the consumers have printed the component at home, they may still
encounter the problem where they may not have the tools required to assist
them with replacing the faulty component.

Furthermore, the consumers may not have the 3D printer that can print
the component using the necessary materials. For example, the FDM 3D
printers need to use a Metal/Polymer Composite filament for printing, yet
this filament may not be suitable for the faulty component. Even if the
component is printed, there may be operational hazards if the material used
for printing is not the suitable one.

Despite the relative convenience of printing the faulty component at
home, there may still be the issue of the consumer not knowing how to
replace the faulty part, even if they follow video instructions provided by
the manufacturer.

Scenario 2: Consumer collects the 3D printed components from the retail
store, then fixes the problem by themselves at home.

The advantage of this scenario is that the consumers have the product
printed for them at the retail store and do not have to worry about printer
issues or using the wrong materials for printing the component. After the
consumer collects the 3D printed part from the retail store, they can replace
it at home. The consumers do not have to worry about storage issues re-
garding the 3D printer at home. Also, consumers do not have to worry
about the incompatibility issues with the 3D printing file downloaded and
the 3D printer at home.

One main disadvantage of this is the consumer must travel to the retail
store to collect the component, which may be time-consuming. Another
thing is even if the consumer has collected the component, they may not
know how to replace the faulty component on their own at home.

As mentioned earlier in scenario 1, certain specific tools may also be
needed for installing the component, whereas the consumers may not have
those tools at home, unless the specific tools needed can be printed by the
3D printer together with the component.

Scenario 3: Consumer collects the 3D printed components from the retail
store, then fixes the problem by retail shop simultaneously.

The advantage of this scenario is that the consumers have the component
printed for them at the retail store and replacing it at the retail store
simultaneously. The consumers do not have to worry about not knowing
how to replace the component, as there will be assistance from the staff at
the retail store. The consumers also do not have to worry about the 3D
printer materials and software incompatibility, as all this will be provided
by the retail store.
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The obvious drawback of this scenario is it is very time consuming. As
the consumers need to travel to the retail store which may be inconvenient if
they live far away. The consumers not only collect the component from the
retail store, but they also then need to spend even more time at the retail
store to replace the faulty part. Another downside is the consumers will
have to bring the whole faulty product (e.g., electronic appliance) to the
store, which may be a hassle, as the product may be heavy.

Scenario 4: Retail store prints the 3D printed components. Consumer collect
the printed components from the retail store, then fixes the problem by
themselves at home.

Much like Scenario 3, the advantage of this is consumers do not need
to worry about the quality of the printed component, as it is provided
by the retail store, yet the consumers do not need to physically bring the
electronic appliance to the store, saving the hassle. The consumers can
then take the component home, and replace the faulty component on
their own.

The downside to this is like in Scenarios 1 and 2, the consumer may not
know how to replace the faulty part on their own at home, even with video
assistance provided from the manufacturer. Also, the consumers may lack
the tools needed to replace the faulty component.

3.7 SUMMARY

As 3D printing technology advances, prices of 3D printers have become
cheaper and cheaper, therefore it is more feasible and easier for consumers
to obtain 3D printers and 3D printed components. As seen from four dif-
ferent scenarios above, there may be limitations and drawbacks with
printing components using 3D printing, yet there are also many benefits
that can outweigh the disadvantages, hence 3D printing components may
be worth exploring in the near future.
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4.1 INTRODUCTION

The transition from the cottage industry, where goods were once crafted by
hand until the emergence of mechanised factory systems in the late eigh-
teenth to mid-nineteenth century, emerged as the prime mover for the first
industrial revolution and a precursor for the second and more recent third.
As the world stands on the threshold of the Fourth Industrial era, estab-
lished factory and manufacturing systems are faced with a new upheaval.
However, unlike previous industrial revolutions, the incentive for change
does not exclusively arise from the influence of escalating consumerism and
economies of scale; rather, the stimulus partly stems from the growing
clamour to tackle climate change. There is now an increasing scientific
consensus that the Earth is undergoing an unprecedented period of vola-
tility brought about by the previous eras of industrialisation. Recently, nine
processes and systems termed “planetary boundaries” have been identified
that regulate the Earth’s stability and resilience (Steffen et al., 2015).
According to this model, infringing on one or more of these boundaries may
bring about cataclysmic and non-linear environmental changes (Rockstrom
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et al., 2009). So far, four of the nine boundaries have now been crossed,
including climate change, altered biogeochemical cycles, land system change,
and a loss of the biosphere.

Furthermore, the sixth assessment report of the Intergovernmental Panel
on Climate Change, published in 2021 (IPCC, 2021), serves as a sobering
reminder of humanity’s role in bringing about the current climate crisis,
warning that if human activity is left unregulated, within the next two
decades, the Earth’s temperature may rise by 1.5 °C and by up to 3 °C by
the end of the century. For this reason, international efforts are now fo-
cused on mitigating the effects of climate change. Consequently, the agi-
tation to tackle the global climate emergency has opened up debates around
the sustainability of manufacturing processes. The 2030 agenda for sus-
tainable development adopted by all United Nations members delivered a
compilation of 17 intertwined goals designed to contend with such matters.
In particular, goal number 12, responsible consumption and production
(RCP), promotes vital changes in how societies produce and consume goods
and services, an echo of the Oslo Symposium, which in part defined RCP as
a way of reducing the consumption of natural resources throughout the
lifecycle of a product by way of economically sound processes that minimise
negative environmental impacts while conserving energy and natural
resources. Although global industrial practices consume 15% to 40% of
global energy and resources (Gao et al., 2021), the activities responsible for
producing and processing metals are amongst the most energy-intensive
(World Steel Association, 2021). Despite contributing more towards the
economic development and enhancement of living standards than any other
sector, the metal industry impacts land deprivation, the emission of GHGs,
trace metals, particulate matter, and acidic gases, to name a few (Strezov
et al., 2021). In Europe alone, the iron and steel industry in 2018 surpassed
all other sectors emitting 22% of the total carbon dioxide (CO,) emissions
(European Parliament, 2020), along with the World Steel Association esti-
mating that for every one ton of steel produced, the process emitted
1.85 tonnes of CO, (World steel, 2020). As the global population of roughly
7.8 billion people is projected to grow to 9.7 billion with an eventual peak in
2100 of nearly 11 billion, metal consumption will likely increase simulta-
neously, particularly as developing countries strive for comparable economic
augmentation and as domestic material consumption levels become homo-
genised with other industrialised nations. While urgent and exceptional,
present-day ecological challenges for the metal industry coincide with a
period of unprecedented technological innovation, particularly with recent
processing and metallurgy developments in MAM, which has the capability
of printing many hard-to-process materials without expensive tooling,
especially for intricate parts with internal fluid channels, such as heat ex-
changers, proton exchange membrane fuel cells, and artificial blood vessels,
among others (Zhang et al., 2020). At the same time, the manufacturing
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workflow can be drastically condensed as other stages inherent to TM pro-
cesses become redundant. For example, raw material needs to be melted,
refined, and held for some time before casting in the foundry process, yet, in
the MAM workflow, powder, filament, wire, and other feedstocks are typi-
cally acquired ready-made and can be immediately loaded into the machine
ready for printing.

Furthermore, waste byproducts like metal chips from CNC machining
may also be drastically reduced, as structures can be printed near net-
shaped (NNS), meaning final products are geometrically as close as possible
to the desired shape. However, extensive post-processing is often required
to remove build plates, support structures and residual powder. Machining
is also usually undertaken to improve the surface quality and tolerances,
where additional hot isostatic pressing (HIP) is sometimes also carried out
to reduce the material’s porosity in addition to conventional heat treating
methods; for example, performing solution annealing or ageing to adjust or
customise the part’s mechanical properties. Conversely, recent work has
shown promise in developing novel solid-state processes that transform
metal chips into useable and reliable powder (Jordon et al., 2020; Batista
et al., 2021). Thus, considering many metals used are typically recyclable,
MAM could play a vital role in the future by propagating circular econo-
mies by producing brand new products by reprocessing surplus material
and supporting sustainable manufacturing. Despite the technology being in
the relatively early stages of development, MAM displays potential eco-
nomic and functional advantages over TM processes for some applications;
however, whether or not it exhibits the same ecological benefits has yet to
be adequately demonstrated. With an increasing number of companies now
actively engaged with these novel technologies and many more considering
their implementation, manufacturers should be able to evaluate the sus-
tainable credentials of MAM to plan responsible manufacturing strategies
in an era that is increasingly affected by climate change and resource
scarcity. This chapter attempts to answer these questions by presenting an
overview of the current state of knowledge on the environmental impact of
MAM from the available literature. The first section of this chapter presents
the most prominent and contemporary MAM technologies. The following
section aims to give a transparent overview of the work that has already
been done to characterise the environmental impact of MAM for the var-
ious technologies listed in Table 4.1. Based on the current literature, the
objective is to compare each technology based on specific energy con-
sumption (SEC) in kWh/kg. The results are then used to compare MAM
with TM processes such as sand casting, CNC machining, forging, and
powder metallurgy from the GRANTA CES database (Granta Design
Limited (n.d.)). Lastly, recent developments in the domain of smart man-
ufacturing are addressed in the context of SSAM, and the sustainability
benefits of MAM are discussed.



64 3D Printing and Sustainable Product Development

‘8uidfioy0ud

‘paq Japmod e jo suoidau

WIWAd

[euonouny ‘syJed [e3aw [euomduny sasny A|pAd3as A3usud [ewiay ] ‘STNA ‘STS ‘WIS 494 uoisn} paq Japmogd

‘paaisodap
‘syued Sunsixa 03 [elia3ew Sulppe aJe Asy se Sunjpw Aq sjeliaiew uonisodap

‘saiedau ‘sised [ezsw [euondung sasny A3Jaus |ew.sY) pasndo4 WVYVAM ‘SNIT ‘aWi aia Aasus padauig
‘syuauodwiod ‘s[elJalew
[edn143-uou jo sunua uondnpoud Japmod uiof 01 payisodap

93eJ-MO]| ‘syJed [e3oW [euonduNng AjpAn9Jas si juade Suipuoq pinbi v as ‘l[dN ‘[ds 2] 3umal uspuig
‘8uidfio30ud 921110 40 djzzou € y3noy

‘sised |e3sw [euonduN4 pasuadsip A|2And3as si [elIS1el 444 ‘Wa4 EIN] UOISNIIXd [BlIDIE

suonpdiddy [po1dA| apo swiAuouAs uonbIARIqqY $5920.14

(£10T ‘8/LWV @°1wwo? [ed1uyda] ) suonedijdde pue sspow /]107:0067S W.LSV/OS| 4od sessedoud WY |4 9jqp]



Environmental Impact of Metal Additive Manufacturing 65

4.2 METAL ADDITIVE MANUFACTURING TECHNOLOGIES

MAM fabricates physical products from digital data by the successive addi-
tion of metal feedstock fused or bonded together in a layer-by-layer fashion
(Technical Committee AMT/8, 2017). The number of different technologies
is vast, as are the synonyms to describe each one, with each varying in its layer
manufacturing method. Individual processes, therefore, differ depending on
the material and system used. In 2010, rhe International Organisation for
Standards (ISO) and American Society for Testing and Materials (ASTM)
52900:2017 were developed to establish methodologies and terminologies.
The directive separates AM technologies into seven general categories;
however, only the four most common MAM methods in Table 4.1 are
considered for this chapter.

4.3 ENERGY CONSUMPTION AND CO, EMISSIONS

The characterisation of MAM technologies by their energy consumption has
been investigated since the early 1990s. In order to quantify this, most types
of analyses report this in terms of SEC, which is primarily used to understand
and compare the energy consumption of TM processes (Yoon et al., 2014).
Typically, studies express SEC as the energy used (in kWh or M]) per kg of
processed material. This chapter considers SEC data for the MAM printing
and TM subtractive and formative processes, whereas the preprocessing and
post-processing of material are not considered for MAM or TM methods.
The total energy consumption can be regarded as comprising two parts for
metal printing. First is the primary energy, representing the energy required to
process the metal feedstock (e.g., powder and wire), which can also be re-
garded as direct printing energy. The final part is viewed as secondary energy,
which comprises the energy required to power all auxiliary components of
the machine (Peng, 2016). The total energy consumed in the entire printing
process can be represented mathematically by Eq. (4.1):

E = E, + E; (4.1)

where E,, is the primary energy and E; is the secondary energy. The SEC then,
which is a ratio of E, over a given period of time divided by the sum of the
final mass of the printed part, can be expressed by Eq. (4.2):

(4.2)

where m1, is the mass in kg of the finished metal part. Typically, in energy
measurement experiments for MAM, an electric meter or power data
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acquisition device, including voltage and current sensor and data acquisition
cards, can be used to capture the energy consumed by the process (Majeed
et al., 2020). In addition to collecting SEC from various journal articles, this
chapter will also calculate how much gas is theoretically generated from the
printing process, contributing to global warming relative to CO;, typically
known as CO; equivalent (CO;-eq) in kg. Once SEC data has been identified,
it is possible to estimate CO;-eq emissions output using Eq. (4.3):

CO2q = SEC x Ciy (4.3)

where Cj,; is the carbon intensity. According to the UK Governments
Greenhouse gas reporting: conversion factors, the average carbon intensity is
0.23314 kg CO»/kWh (Hill et al., 2020).

4.4 DATA COLLECTION METHODOLOGY

The primary purpose of this chapter is to review and analyse the available
literature based on previous work to understand the energy consumption of
metal printing processes and compare them against TM methods. To
achieve this goal, a comprehensive literature review on the SEC for the
printing process for the technologies listed in Table 4.1 is performed
through a qualitative systematic search strategy by defining several key
synonyms. The prevailing emphasis is on the applicability of the search
terms, summarising the evidence accurately and reliably, and uncovering all
the relevant studies which address the following question:

e What work has been done to characterise the SEC for ME, BJ, PBF,
and DED printing processes?

The entire qualitative search and subsequent filtering of results involved the
following four stages:

e Stage 1 was conducted using the EBSCO discovery service (EDS).
The expressions 3D printing, additive manufacturing, and rapid
prototyping have all been used to describe and generalise the tech-
nology. Therefore, searches included these synonyms to recognise all
relevant literature. The search strings were limited to title, abstract
and keywords to keep the number of articles controllable using a
Boolean search strategy with the terms “AND” and “OR” to define
relationships among synonyms. The term “metal” was also used;
then, either “ME”, “BJ”, “PBF”, or “DED” were used to focus the
results. Table 4.2 documents all search terms conducted across the
database,
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Table 4.3 Stage 2 — Journal paper discovery from EDBS using terms from stage |

ID Title Abstract Subject Terms Total
Al 37 1478 144 1659
A2 10 155 23 188
A3 0 16 3 19
Bl 0 36 | 37
B2 0 7 0 7
B3 0 0 0 0
Cl 0 20 3 23
C2 | 3 | 5
Cc3 0 | | 2
DI 10 756 67 833
D2 | 82 10 93
D3 0 8 2 10
El 43 519 76 638
E2 3 24 4 31
E3 0 | | 2
Total papers discovered from stage | 3513

e Stage 2 of the process utilised the 15 search terms from Stage 1, and
3,513 articles were uncovered, which are documented in Table 4.3,

e Stage 3 uncovered 61 relevant articles in Table 4.4. Because of the
vast number of papers, each abstract was briefly reviewed, and rele-
vant articles were downloaded and stored according to their search
term identity (e.g., A1 and A2). Mendeley Desktop application was
used to organise the data that was collected,

e Stage 4 utilised the “check for duplicates” function in the Mendeley
Desktop application. After all duplicate studies were merged, 16 ar-
ticles remained relevant to the study’s purposes shown in Table 4.5.

Table 4.6 catalogues the details of each journal article from stage 4. The
authors, publication date, MAM category and technology, the material
used, the methodology, and the SEC were recorded. In addition, the papers
were read in full, and any relevant references to other journal articles which
had not been discovered in the initial search were also retrieved. Eight
additional studies documented in Table 4.7 were recovered. In total, 29
studies that include identifiable SEC data have been found. The CES Granta
database (Granta Design Limited (n.d.)) was then used to acquire the SEC
for TM processes. The materials selected were mapped to the materials used
for the MAM studies for continuity purposes. The SEC for these processes
is shown in Table 4.8.
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Table 4.4 Stage 3 — Filtering of irrelevant journal articles

ID Title Abstract Subject Terms Total

Al 12
A2 16
A3 I
Bl

B2
B3
Cl
C2
C3
DI
D2
D3
El

E2
E3 0

Total papers filtered from stage 2

N
w ™

o
o

O 0O ——0O0 — 000 o0 oo

O OO WomWwW~N———0O0
O —O N —O ——O0000O0O0OPMNNDN —
— O — O LT O O NN W — O O

o

Table 4.5 Stage 4 — Number of journal articles left after duplication removal

Journal articles remaining after removing duplicate studies
Articles remaining after stage 3 16

4.5 SEC COMPARISON BETWEEN MAM AND TM

Of the 29 studies discovered, 17 were related to PBF, 4 for DED and 1 for
BJ. Consequently, there is a considerable lack of understanding of some
primary MAM technologies’ energy consumption and environmental
implications, especially for B] and ME. Nevertheless, a comparison can be
made with TM data from the Granta CES database and the data collected
for PBF and DED. Figure 4.1 compares the SEC for these processes.

The comparison shows that MAM has a much higher SEC than most TM
methods when only considering the additive, subtractive, or formative
process. SEC for MAM processes vary significantly across the three cate-
gories, with a 2.47 kWh/kg lower limit attributable to the single BJ study.
However, it is challenging to reliably compare this process with only one
analysis relative to all others, and therefore it is important to establish the
SEC of BJ with future studies. The range of SEC for DED is also consid-
erable at 287.04 kWh/kg, showing that DED is the most energy-consuming
process overall. Similarly, relative to PBF data, with only four journal ar-
ticles dedicated to the energy consumption of DED, it would be helpful if
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Table 4.8 SEC for TM processes from CES Granta database

Reported by TM Process Material SEC CO,-eq (kg) Ref.
(kWhlkg)

CES Casting 17-4 PH SS 3-3.31 0.70-0.77 (Granta
Granta Coarse machining 17-4PHSS  0.48-0.55 0.11-0.13  Design
database  fine machining 17-4PHSS  431-475  1.00-1.||  Limited

Powder metallurgy  17-4 PHSS 10.28-11.28  2.40-2.63 (nd))
Forging 17-4PHSS 286-23.17 0.67-5.40
Casting 316L SS 1.08-1.2 0.25-0.28
Coarse machining 316L SS 0.21-0.23 0.05-0.05
Fine machining 316L SS 0.89-0.99 0.21-0.23
Powder metallurgy 316L SS 10.28-11.28  2.40-2.63
Forging 316L SS 0.59-0.65 0.14-0.15
Casting Ti-6Al-4V 3.86-4.23 0.90-0.99
Coarse machining Ti-6Al-4V 0.20-0.70 0.05-0.16
Fine machining Ti-6Al-4V 5.14-5.67 1.20-1.32
Powder metallurgy Ti-6Al-4V  12.67-14.08 2.95-3.28
Casting AlISilOmg 2.94-3.25 0.69-0.76
Coarse machining AlISilOmg 0.29-0.33 0.07-0.08
Fine machining AlISilOmg 1.75-1.94 0.41-0.45
Forging 0.59 I 23.17
Powder Mettalurgy 10.28 NN 14.08
Fine Machining 0.89 I 5.7
Coarse Machinig 0.2 NS 0.7
Casting 1.08 I 4 23
BJ 2.47 2.47
DED 5.18 29222
PBF (SLM) 19.79 pzzzzzzzZZZ27777%74 63 .33
PBF (EBM) |7 P | 04 2
PBF (DMLS) 31.11 | 55.17
0.1 1 10 100 1000
u SEC (kWhikg)

Figure 4.1 Specific energy consumption comparison of MAM and TM processes.

more contemporary work was done in this area, especially as the infor-
mation was established in 2014 and 2016. For PBF, SEC is relatively similar
across all sub-processes, with a 146.33 kWh/kg range overall. SLM has a
range of 143.54 kWh/kg, EMB has a range of 87.2 kWh/kg, and DMLS
has a range of 124.06 kWh/kg; therefore, the EBM process is the most
energy-efficient PBF technology. Although relatively lower than most MAM
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methods, the SEC for TM processes also fluctuates considerably. The lowest
energy-consuming process is coarse machining at 0.5 kWh/kg, whereas the
most energy-consuming, with the most extensive SEC range, is forging at

22.58 kWhikg.

4.5.1 SEC comparison based on material type

To elaborate on the variation in SEC for both TM and MAM processes and
based on the information at hand, the data can be arranged to compare SEC
concerning the processed material. Figure 4.2 shows the SEC for processing
17-4 PH stainless steel. The data for this material is derived from three
journal articles. The most energy-intensive method is DMLS, and the energy
range for forging is relatively substantial at 20.31 kWh/kg.

Figure 4.3 shows the SEC for processing 316L stainless steel. The data
illustrates that the SLM process is the most energy-intensive method overall.
Data for SLM originates from eight journal articles, whereas the data for
EBM is derived from only one study. The data range for SLM is wide-
ranging at 143.54 kWh/kg.

Figure 4.4 shows the comparison for processing Ti-6Al-4V. Of the two
PBF processes, DMLS is the most energy-efficient, with a 31.11 kWhkg
range compared to SLM at 87.53 kWh/kg.

Figure 4.5 shows the SEC for processing AlSi10Mg. Although the data
for DMLS and SLM are the result of only two separate studies, the SEC for
both MAM processes is significantly higher than the SEC for TM processes.

Powder Mettalurgy 10.28 n— 1128
Fine Machining 4.3] m— .75
Coarse Machining 0.48 m— (.55
Forging 2.86 IE— 3|7
Casting 3,00 — 3.3
DMLS 62.90 94.17
0.1 1 10 100

m SEC (kWhikg)

Figure 4.2 Specific energy consumption comparison for 17-4 PH stainless steel.

Powder Mettalurgy
Fine Machining
Coarse Machining

0.89 mmm— ().99

0.2] w— (.23

10.28 n— ] ] 28

Forging 0.59 w—— () 65

Casting 1,08 e— 1 20
SLM 19.79 163.33
EBM 21.05 ezzzzzzzza 21.05

o ! 10 100

m SEC (kWhkg)

Figure 4.3 Specific energy consumption comparison for 316L stainless steel.
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Powder Mettalurgy 12.67 w— 14.08
Fine Machining 5.14 n— 567
Coarse Machining ~ 0.20 HEE— —————— (.70
Casting 3.86 mEm— 423
DMLS 31.11 EEZZEZEZEEA 62.22
EBM 16.67 A 1 04.20
0.1 1 10 100
m SEC (kWh/kg)

Figure 4.4 Specific energy consumption comparison for Ti-6Al-4V.

Fine Machining 1.75 m— 1.94
Coarse Machining 0.29 - (.33
Casting 2.94 NI 3.25
DMLS 93.89 93.89
SLM 157.28 157.28
0.1 1 10 100
u SEC (kWh/kg)

Figure 4.5 Specific energy consumption comparison for AlSilOMg.

4.5.2 Limitations of SEC for MAM printing

The manufacturing process (e.g., printing, forming, or subtracting) is only
one process in the product’s entire life cycle. To conclude with certainty, the
actual environmental impact of a manufacturing process, the whole life cycle
of a product needs to be quantified, including material extraction, primary
material processing, secondary material processing, post-processing, and
disposal. In the absence of complete life cycle assessments, the data collected
for this chapter suggests that the energy demand of MAM is typically greater
than most TM processes, making MAM the less sustainable manufacturing
option overall. Forming the same verdict for technologies such as DED and
BJ is challenging due to the relative lack of comparative data, thus making
the environmental implications unclear. The impact of ME is even more
ambiguous due to a total lack of scrutiny on the sustainable characteristics of
the technology in the scientific literature. Several reviews also substantiate the
conclusions of this comparison in terms of the energy demand of the MAM
process, such as the work done by Kellen et al. (2017b), who demonstrated
that the SEC for some AM processes are one, and, in some cases, two-fold
higher than those for TM processes and Yoon et al. (2014) who also show
that the SEC for some additive processes to be roughly one-fold higher than
traditional subtractive processes. Although the accumulative printing energy
of MAM is typically higher than TM methods, it could be claimed that the
SEC found in the literature is simply an energy indicator due to complex input
process variables (e.g., part orientation, packing density, laser power and
scanning speed), material density, material properties, layer thickness, surface
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finish, and geometry which may also rationalise the large variations of
SEC. As already mentioned, SEC is typically composed of both primary and
secondary energy where in addition to the energy required to melt or sinter
the feedstock, auxiliary equipment reliant on secondary energy such as
heaters, pumps, chillers, and controllers may also vary considerably between
machines and thus may also influence the overall SEC which may also
account for the expansive range in SEC for some MAM processes.
Comparing MAM to TM is complex as the implications of only comparing
energy consumption per kg are unclear, as the functional unit (FU) can be
manufactured in very different ways and in various shapes and sizes. For
example, with MAM, the material is added; for CNC machining, the material
is incrementally removed from the billet, and for forging and casting, the
material is normally formed to the shape of the desired product.
Consequently, depending on the complexity of geometry, SEC may vary
significantly. Typically, in energy experiments, the geometry of the FU is a
1 kg dense cube; however, (Van Sice and Faludi 2020), in a similar study,
point out that in order to compensate for the disparity between manu-
facturing methods, a set of FUs designed to represent a standardised reference
for both AM and TM processes, similar to the examples proposed by
Priarone et al. (2017), should be adopted for comparative energy consump-
tion experiments. Van Sice and Faludi (2020) also recommend that at least
one of the standard parts in the set represent components that would char-
acteristically be created with AM machines, such as complex parts that
include internal channels or are hollow, which would be challenging to
manufacture with TM methods to allow for a fair assessment. In addition,
most research into energy consumption has been performed in academic
settings instead of manufacturing environments, where experimental proce-
dures vary from study to study, which makes comparing and interpreting
SEC data even more challenging. Despite measuring the impact per kg of
printed material across all studies, there has been the need to develop
quantitative methods to evaluate MAM processes equally and by the same
standards and benchmarks. The review by Khalid and Peng (2021) detailed
these very issues and found that several attempts have been made to develop
reliable energy auditing frameworks to account for the variations of MAM
processes such as the IoT and data analytics techniques that rely on methods
such as linear regression, decision tree and back-propagation neural net-
works. As it stands, there is no single accepted criterion or standard protocol
for researchers to follow when conducting energy experiments (Rejeski et al.,
2018). However, with increased attention to process optimisation through in
situ monitoring and advanced systems like BDA and ML, enough data may
eventually be collected to characterise the relationship between process
parameters and energy consumption. For instance, Liu et al. (2018b) suc-
cessfully demonstrated the direct relationship between input parameters and
the energy efficiency of the LENS process. By that token, and with enough
data that characterises the process variations and their correlation to energy
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consumption, various models could be developed to enable the development
of intelligent MAM systems that can autonomously adjust and optimise
multiple process parameters in situ to reduce the energy consumption of the
process.

4.6 THE ROLE OF SMART MANUFACTURING FOR
SUSTAINABLE MAM

The notion of intelligent MAM systems or smart manufacturing (SM)
suggested in the previous section refers to a holistic approach to improving
and optimising all aspects of the manufacturing process through the synergy
of various digital and physical technologies. Although process optimisation
is already well established in industries like the aerospace sector, which
implemented lean six sigma methodologies in the 1990s and 2000s to
improve processes, Industry 4.0 (I4.0) creates new opportunities to harness
the potential of digital technologies to deliver process improvements
through the ability to continuously monitor, maintain, adjust and improve
the functioning of manufacturing systems. Conceived initially in Germany,
14.0 aims to create advanced and intelligent factories by upgrading manu-
facturing systems to smart cyber-physical systems (CPSs) with IoT and
cloud computing integration and with minimal human intervention (Wang
et al., 2021). In these types of unified technologies, manufacturing systems
will be able to monitor the manufacturing process in real-time using various
sensory equipment to capture vast amounts of data that can be interpreted
to make autonomous decisions based on various techniques such as BDA
and ML. Consequently, the prospect of influencing the sustainability of
manufacturing processes by 14.0 methodologies has recently gained
increasing attention. However, not much attention has been focused on the
impact of 14.0 on energy reduction (Haddouche et al., 2022); although
several studies (Mohamed et al., 2019) have suggested that CPSs may sig-
nificantly improve energy efficiency, this has not been sufficiently demon-
strated (Ghobakhloo and Fathi, 2021).

On the other hand, the concept of SSAM proposed by Majeed et al.
(2021), which relates to the consolidation of several disciplines converging
to optimise the process parameters needed to improve product quality,
reduce energy consumption, and improve productivity, could help to
improve the energy efficiency of MAM printing processes. At the core of
SSAM is the application of BDA, which can be leveraged to uncover and
recognise patterns to identify relationships during the printing process.
These patterns can then be used in computer programmes to optimise the
design or acted upon in situ to adjust the process parameters. For instance,
Majeed et al. (2019) demonstrated that by optimising the process param-
eters within a BDA framework in conjunction with a data-miningscheme,
energy consumption could be reduced, and product quality and production
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efficiency could be improved by minimising processing time. Similarly, Qin
et al. (2017) applied an IoT framework to the SLS process by harvesting
multisource data from the process, which was analysed by BDA tools and
then uploaded to the cloud to establish energy consumption, whereby a
control system was proposed to optimise energy consumption. While SSAM
machines with improved energy efficiency are yet to be developed, there is
great potential for these systems in the coming years in a bid to enhance the
sustainability of the manufacturing landscape. Without demonstratable
results in the area of additive technology, energy savings have been
described by businesses that have attempted to implement 14.0 for other
technologies. For instance, the ISA reported that by configuring their
robotic systems with 14.0 techniques, German company Daimler recorded a
30% improvement in energy efficiency, and by using sensory equipment to
alert that energy consumption was outside of normalparameters, Canadian
Forest Products was able to reduce their energy consumption by 15%
(International Society for Automation (n.d.)).

4.7 SUSTAINABLE BENEFITS OF MAM

Despite the relatively high energy consumption of the printing process,
several environmental advantages over TM processes are typically re-
cognised in the literature.The first and most cited benefit is a reduction of
materials and resources (Despeisse and Ford, 2015). Considering the notion
of efficiency in manufacturing terms, the concept’s ideology usually refers to
the relationship between product output and resource input, or, in other
words, achieving more with less. Insubtractive and formative manu-
facturing, up to 95% of the material can be wasted (Girdwood et al., 2017).
For instance, metal chips that are the byproduct of the CNC machining
process, which are removed to define the product’s shape, are typically
thrown away, and in casting, the material used to create supplementary
runners and risers is also discarded after the part has solidified. In contrast,
MAM only deposits material integral to producing NNS products making
the process 97% theoretically efficient, though this figure is often less in
reality (Peng et al., 2018). Some MAM technologies also often require
supplementary material to create structures to support overhanging fea-
tures,whichare disposed of at the post-processing stage.

Unlike surplus metal chips that are typically difficult and costly to recycle
due to inherent machining oils and lubricants, up to 95% of unmelted
powder in laser powder-based processes can be directly reused (Arrizubieta
et al., 2020) following a recovery, recycling and reconditioning process
(Daraban et al., 2019). However, some studies show that powders can
deteriorate after several cycles (Powell et al., 2020; Raza et al., 2021; Kong
et al.,, 2021), and research is limited to many commercially available metals
and alloys in circulation today. An example of how doing more with less
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through the implementation of MAM to improve efficiency is in the aero-
space sector, where the buy-to-fly ratio, which is a measure of the ratio of
the weight of billet material purchased to the weight of the material of the
finalpart, is typically in the range of 10:1-20:1 from using parts manufac-
tured by TM processes (Blakey-Milner et al., 2021; Yusuf et al., 2019)
meaning that for every 1 kg of material used in the aircraft, roughly 20 kg is
discarded (Lockett, 2019) (i.e., 95% material is scrapped and only 5% is
utilised). Conversely, the implementation of MAM enables a buy-to-fly
ratio of almost 1:1, meaning material utilisation is approximately 95%,
whereas only 5% is wasted due to the layer-by-layer process of creating
NNS parts (Yusuf et al., 2019).

Similarly, the approach to how MAM parts are designed may not only
improve the overall efficiency of the process but also reduce the environ-
mental impact of the products themselves by applying frameworks such as
design for additive manufacturing (DfAM) which may include methodol-
ogies such as topology optimisation and latticing additions (Plocher and
Panesar, 2019). By optimising the distribution of material within the con-
fines of the product specification for certain loads and boundary conditions
while satisfying the required structural performance of a product, the areas
of the part that are not supporting the applied loads and not undergoing
substantial deformation and thus not contributing to the overall integrity of
the component can be removed. Although optimisation strategies can be
applied to TM, topologically optimised structures are typically char-
acterised by complex geometric shapesthat are difficult and nearly
impossible to produce by conventional means. In contrast, MAM removes
these limitations with its layer-by-layer approach. Therefore, not only is less
material required which also shortens the build time meaning less energy is
needed for the printing process, the mass of the product can be significantly
reduced, which is especially relevant for sustainable manufacturing. For
example, in the aerospace industry, Gao et al. (2021) report that for every
1 kg of material removed, 90,000 litres of fuel could be saved, avoiding the
release of roughly 230 tonnes of CO, into the atmosphere. Similarly,
Kellens et al. (2017b) report on studies that estimate that using additively
manufactured lightweight components in aircraft between 2019-2050
could save between 1.2 and 2.8 billion GJin energy, thereby preventing
the release of 92.1-215.0 million tonnes of GHGs. Aside from the en-
vironmental benefits of efficient manufacturing, the entire supply chain can
also be simplified compared to conventional and complex global supply
chains. Therefore, the MAM process can be considered a driver for de-
centralised manufacturing systems, reducing transport and material flows
with fewer manufacturing steps, fewer suppliers, and thus fewer environ-
mental impacts. Given the advantages of MAM in the above examples, it is
clear that the sustainability benefits emerge not as a result of the process
itself but as a function of the capabilities of the technology based on its
ability to manufacture complex geometries. How important a part MAM
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will play in the future of sustainable manufacturing is still unclear due to its
relatively short existence; however, the potential for MAM to contribute to
sustainable manufacturing practices is perceptible given its fundamental
capabilities.

4.8 CONCLUSION

The present chapter presented a comprehensive review of the energy con-
sumption of MAM by investigating what work has been done to char-
acterise the environmental impact of the printing process based on SEC by
performing a systematic literature review. The results were then compared
to the SEC of TM processes such as casting, CNC machining, forging, and
powder metallurgy. At the manufacturing process level, the results of this
comparison indicate that MAM demands significantly more energy per kg
than TM, with a range of 289.75 kWh/kg, whereas the range for combined
TM processes was 22.97 kWh/kg. Results were then organised and com-
pared depending on the material classification in an attempt to account
for the significant range of SEC of the MAM process; however, any such
relationships are unclear. The limitations and implications of only char-
acterising the environmental impact of MAM based on SEC were discussed,
along with the need to develop standardised methodologies to objectively
measure the MAM process’s energy consumption against TM methods. The
significance of SM and 14.0 was then discussed as a conceivable way of
reducing the energy consumption of additive processes in the future.
Although the impact of advanced CPSs has yet to be demonstrated, their
potential appears promising. Finally, the existing advantages of MAM for
sustainable manufacturing were investigated, with the most apparent ben-
efit being the consolidation of the manufacturing life cycle and to be able to
optimise the design of products thanks to MAM’s ability to manufacture
complex shapes and, therefore, lighter products, which are challenging to
produce by TM methods. Consequently, by adopting DfFAM methodologies
to print only geometry integral to the product’s overall performance,
resources, and waste can be significantly reduced, and overall efficiency and
sustainability can be improved.
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5.1 INTRODUCTION

The rise of three-dimensional printing (3DP) techniques has paved the way for
creating profoundly complex geometry and inside structures, attributable to
its extraordinary layer-wise assembling approach. This rapidly evolving
technology permits the user to make personalized products resulting in cost
reduction by eliminating the additional expense of tools and molds during the
fabrication. Moreover, additive manufacturing (AM) empowers the devel-
opment of intricate and consolidated utilitarian designs in a single-step oper-
ation, thus diminishing the requirement for assembling the complete part. The
AM processes hold incredible potential for working on material productivity
and decreasing life cycle environmental impacts compared to conventional
techniques, which assists with advancing a sustainable “green” and econom-
ical manufacturing strategy. Three-dimensional printing is the fabrication
method involving a machine driven by a computer, incrementally adding the
layers of material to create a three-dimensional structure (Sharma et al., 2022).

The technology has the enormous potential to produce significant changes
to the economy, global logistics, and the environment (Campbell et al.,
2011). Prototype fabrication has always been one of the vital steps in product
development, which can be time-intensive depending upon the complexity of
objects. Although 3D printing has been generally used for fabricating pro-
totypes for past decades, it is now approaching the point of inflection as a
popular, serial manufacturing process resulting in effective product devel-
opment, manufacturing performance, and enhanced product performance.
AM also supports the computationally guided design approach specifically
for shape optimization and the creation of various materials surpassing
the prevailing benchmarks. New product development is presently the most
significant variable driving firm achievement or disappointment for
numerous businesses. To be effective for a new product, a company should
amplify the fit with client needs and limit the time to market.

The seeds for 3D printing current industrial progress were initially planted
in the 1980s through the invention of numerous technologies and the gradual
adoption of an additive manufacturing process for rapid prototyping across
manufacturing industries (Quinlan and Hart, 2020). Pioneers of these tech-
nologies shaped their ideas into companies by commercializing such as 3D
Systems (Stereolithography) and Stratasys (Polymer-based extrusion), which
now lead to considerable market share enclosed by industry. The parts fab-
ricated by AM processes in their infancy phase are generally fragile and coarse;
advancements in hardware, software, and materials have equipped additive
manufacturing for mainstream adoption. The involvement of industrial
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stakeholders and participants have been exponentially increased due to the
expiration of various fundamental patents in the past few decades. The firm’s
attention is focused on digitally guided production models and businesses that
perform more effectively requiring less human labor, infrastructure, and other
resources for producing a flexible catalogue of parts in response to shifting
consumer preferences and supply chain uncertainty.

AM can reduce or eliminate the requirement of product or part-specific
and fabricate intricate geometries that integrate material parts, higher
material efficiency level, and combine materials in earlier impossible ways.
Therefore, AM can considerably affect the capital costs, costs of flexibility,
and marginal production costs (Koren, 2006). Previous research concluded
that economic attributes are so much distinct that investment decisiveness
into AM proves to be highly strategic (Li et al., 2014). Additive manu-
facturing processes influence the market structure apart from direct impacts
on an individual firm’s production methods. A substantial increase in the
“makers” community is noticed who generate and share 3D models, fab-
ricate 3D printers for household usage, and sell 3D printed parts
(Schneider, 2006). The use of 3DP for fabricating prototypes is a trivial
method for countless manufacturers. It allows manufacturers and suppliers
to bypass the costly, laborious, and expensive conventional processes, for
instance, the production of molds, casts and dies, milling, and several other
machines perform the task and shipping the object from a supplier even-
tually. Three-dimensional printing can accelerate the new product devel-
opment cycle, which can get new products to market frequently and at a
quicker pace, especially in the case of intricate parts.

A considerable increase in the use of 3D printers in industries and home
usage further stretches the opportunities for manufacturing processes.
There is an indication that this disruptive technology is on the apex of being
mainstreamed. Hence, there are insights into the possible opportunities and
disruptions that rapid prototyping could create, including:

1. Industries investing in 3D printing see a remarkable change in speed,
quick launching of new products, flexibility, and product customization.

2. Primitive adopters of this technology are crossing the threshold limits
from beginner and prototype to the manufacturer of the end product.

3. Companies started to imagine the supply chains from a different
perspective that can be described as the globe of networked 3D
printers where the logistics are about bringing digitized design files
from the continent to continents instead of containers, cargo, ships,
and planes. A survey led by PwC innovations indicates that almost
70% of manufacturers firmly believe that 3D printing can be used to
print obsolete objects, and 57% of them found the useful role of 3d
printing in fabricating after-market products. In comparison, 30% of
respondents are firmly in agreement about the 3D printing techniques
greatest agitation will be exerted on the supply chains.
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4. Industries and manufacturing companies are expecting 3DP-guided
savings in labor, material along with transportation costs in contrast
with conventional subtractive manufacturing techniques. A PwC
investigation of 3D printing adoption by the aerospace industry’s
maintenance, repair, and operations (MRO) parts market accounts
for a $3.4 billion saving in material and transportation costs annually
(Wohlers, 2013; Dumitrescu and Tanase, 2016; Magisetty and
Cheekuramelli, 2019).

5.2 CURRENT AND FUTURE CHALLENGES ARISING IN 3D
PRINTING ADOPTION

AM is the latest trend and gaining traction in production processes due to its
outstanding benefits (Abdulhameed et al., 2019). While this disruptive
technology has already begun to appear in certain sectors, individual busi-
nesses are still struggling to accept and use it on a commercial basis. Various
AM sectors such as materials, service, hardware, and software are foreseen to
progress rapidly in the coming years (Davies, 2020). Companies overlook
how much rapid 3D printing adoption is a learning process that spans
the entire value chain and necessitates exceptional AM AM can decrease the
demand for the manufacturing chain due to factors like near net shape
character during the creation of smart factories (Deloitte, 2017). A blockage
to sophisticated technology, structural organisation, and the accompanying
ecosystem in which manufacturing companies operate are just a few of the
significant hurdles that may hinder the growth and success of implementation
during this learning process. Figure 5.1 gives an overview of pertinent
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Figure 5.1 Potential challenges in 3D printing adoption and implementation.
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challenges arising in the adoption and implementation of AM techniques
(Omidvarkarjan et al., 2022; Basso et al., 2022).

The manufacturing costs of additively manufactured parts are a major
obstacle during the adoption of AM. Experts indicate that material and
machine costs, along with the dearth of quality and robustness have a con-
siderable influence on costs. These factors are collectively prompt to exalt
quality impudence after rapid prototyping processes. Intricate geometrical
configurations of additively manufactured parts, small batch size, etc., result
in the difficulty to post-process and mechanized manufacturing.

Scarcity of specified standards in regulated areas like rail, aerospace,
automotive, or health sector slows up the rise of the 3D printing market.
Standardization is obstruction, execution of AM technology demands
industries to simplify ambiguity, safeguard liability and pass the approval
process. However, the attempts from several organizations such as
International Organization for Standardization (ISO) and American Society
for Testing and Materials (ASTM) have considerably contributed to AM
standards. International accredited registrar and various classified societies
like Det Norske Veritas-Germanischer Lloyd (DNV-GL) are continuously
collaborating with research and technology organizations and industrial
parts for generating metal AM guidelines (AMFG, 2018). Therefore,
quality production and certification of additively manufactured parts are
viewed as a fundamental challenge for the upcoming decade by immense
industrial experts surveyed.

Three-dimensional printing is also characterized simply as a digitized
process. Individual digital production circumstances, including mass cus-
tomization, demand an exceptionally proficient digital backbone. Although
disruption of the digital process chain is an ongoing issue that is expected to
be resolved over time, the quality is degraded by the connectivity of soft-
ware from one provider to the next, as well as the interconnectedness of the
process chain and intervening procedures. Moreover, the information or
data created along the process chain is frequently accessed or shared.

For acceptable utilization and successful execution of 3D printing in their
firm, a high degree of expertise is required. For example, today’s cost-
competitive goods must make use of 3D printing’s advantages. This issue
can be fixed through constant advancement in skills and knowledge in the
industry and by students getting into the workforce subsequently following
a module of 3D printing processes in the upcoming years.

5.3 CURRENT OPPORTUNITIES ENABLED BY 3D PRINTING

Although the aforesaid roadblocks and challenges appear to be disheart-
ening at first instance, numerous booming implementations of 3D printing
in real-world parts and the comprehensive opportunities developed by AM
hugely override its drawbacks (Ukobitz, 2020). Generally, 3D printing
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Figure 5.2 Key distinction clusters for advanced 3D printing utilizations.

consists of a variety of processes that have the potential to translate virtual
data into physical objects (Huang et al., 2015). Three fundamental clusters
of highly modern 3D printing utilizations are discussed in this section.
Figure 5.2 showcase the fundamental distinction of collectively; they em-
power firms to develop new ways of capturing value, for instance, utiliza-
tion of novel and digital business models.

5.3.1 Utilization of the computerized process chain

AM technology is digital in nature and compatible with huge varieties of
other prevailing technology from Industry 4.0 for consideration. The un-
derlying difference between the planning of additively manufacturing process
and conventional subtractive technique lies in AM requirement of various
software resulting in incompatibilities arising inflow of information across
various steps (Denkena et al., 2018). Artificial intelligence, data-guided
designs, and supply chains are all areas of focus. This unparalleled ability is
mainstreamed by the digital thread that stretches the AM process chain. Data
acquisition can be done to enhance the efficiency and expenditure of 3D
printing applications throughout the entire product life cycle.

The following study by 3D systems (3DSystems) and Point designs (Point
designs) demonstrates the way a computerized process chain can be con-
trolled to develop exceptionally advanced 3D printing applications.
Simultaneously, the firms create a mechanized design platform for the
printing of partial hand prosthetic components. The corresponding design
platform includes a variety of automation levels like simple parameter
manipulation in addition to more complex features like the automatic fitting
of 3D-printed hand prosthetics to the person’s 3D scan. The solution is
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Figure 5.3 Automatically designed 3D printed partial hand prosthetic component.

achieved by collaborating to advance design for 3D printing, consulting the
optimized printing strategy for mass production, followed by the selection of
appropriate material.

Figure 5.3 demonstrates the automatically designed orthosis by 3D
printing. This leads to enhanced customer interaction. The above example
clearly illustrates the role of the digital process chain in AM processes by
automation of particular process steps. This results in a wide variety of
novel opportunities in context with the selling of products and customer
interaction from a business perspective.

5.3.2 Novel 3D printable materials

In the era of Industry 4.0, creating novel AM material has been a long-term
standing matter of interest for researchers and industry experts. Novel
printing techniques and materials support rapid and multi-material
printing, resulting in new opportunities and applications (Layani et al.,
2018). The need arises because of the frugal range of novel additively
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manufactured materials, which proves to be a major barrier to adopting
and implementing AM. Development of various novel materials has
opened up the way for several new AM applications along with increased
performance and decreased cost.

A study by Johnson and Jhonson (J&]J) (Johnson & Johnson., 2020)
clearly demonstrates the use of novel materials for AM utilization. The
company brings forward a patient-specific implant for treating several clinical
conditions. It consists of a personalized cage acting as structural support
during bone healing issues. Depending upon the computed tomography (CT)
scan, a personalized design is developed in a quick span of time. Following
the surgeon’s approval, the appropriate component is made in a central
location and quickly delivered to the place of treatment. Figure 5.4 illustrates
the fabrication of personalized implants for bone defects.

The highly intricate geometrical structures are made using the laser sin-
tering technology and a polycaprolactone-based material blend (PCL).
Because of its bioresorbable nature, it is progressively absorbed by the body
over time (Punia et al., 2022). To improve the incorporation of the implant
into the surrounding bone structure, calcium phosphate is then coated on
the implant. The integration of novel AM materials with a particular design

Figure 5.4 Personalized 3d printed implant for crucial-sized segmental bone defects.
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followed by specific post-processing multiplies the benefits in contrast with
existing solutions. These consist of faster bone remodelling, higher bine
volume, and improved torsional strength. The appropriate combination of
manufacturing techniques, novel materials, and digital process chain results
in effective functionality and availability at a competitive price.

5.3.3 Flexible, qualified supply chain networks

Aside from the promise of creative freedom, 3D printing’s unequalled
supply chain has paved the path for businesses to use this cutting-edge
technology. Three-dimensional printing processes have spawned a rapidly
developing business, as well as the emergence of new service providers. This
includes the ability to make components in tiny batch quantities without
dramatically increasing prices, as well as decentralised manufacturing close
to the point of application. Three-dimensional printing has the potential to
establish supply chains that are more flexible and resilient than traditional
procedures, allowing them to step in when traditional methods fail.

The following study by Deutsche Bahn (DB) (Deutsche Bahn) and TUV
SUD (TUV SUD) demonstrates how to build a strong AM supply chain. DB
has a comparably extensive fleet of various freight and passenger vehicles.
Because of the infrastructure and the fact that these vehicles were con-
structed by different manufacturers throughout the years, maintaining them
and ensuring spare parts availability is a difficult undertaking. AM proves
to be an alternative in this context as it allows economical and rapid pro-
totyping of individual, hard-to-source parts. However, the barrier lies in
strict regulations of the railways for produced AM parts. DB collaborated
with TUVSUD to create a certification scheme for suppliers dealing with
additively manufactured spare parts and end-use products. The initiation of
a general certification scheme and quality assurance standard leads to
manifold benefits. The report above emphasizes the necessity of AM process
standardization as a requirement for robust and flexible supply chains.
Figure 5.5 illustrates the motor mount fabricated spare parts with 3D
printing techniques.

5.4 ADOPTION STRATEGIES AND BEST PRACTICES FOR 3D
PRINTING

The visionary framework for implementing additive manufacturing coming
into the picture was put forward and is demonstrated in Figure 5.2. The
conceptual framework offered that both internal strategy and external
forces guide the concern of 3D printing as a process of manufacture, and
the corresponding approach in the implementation of 3D printing will be
influenced by factors which can be classified as four practical recommen-
dations as represented in Figure 5.6 (Mellor et al., 2014).
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Figure 5.5 Motor mount fabricated as spare part with 3D printing.

Work Together
to Complement

Strategize
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Don’t Push,
Instead Pull

Implement
in Iterations

Figure 5.6 Best practices for 3D printing adoption.

5.4.1 Iterate the process

Several research studies concluded that the execution of AM techniques
requires a wide variety of adequacy coming into the picture due to its cost-
effective approach (Norrish et al., 2021). Three-dimensional printing adoption
can be started with the learning process in which organizations gain AM
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expertise via verified training (Martinsuo and Luomaranta, 2018). The elevated
hype of learning can be supervised by implementing an iterative and validated
learning mode. Industries or corporations may progress to more complex
applications by gradually increasing their AM capability and adoption.

5.4.2 Pull instead push

Generally, the adoption of AM is a costly capital-intensive procedure due to
lofty investment in research and education (Sonar et al., 2020). To increase
the likelihood of many successful implementations, to develop a self-
sustaining adoption environment, 3D printing techniques should be backed
by compelling client needs and a good business case. In contrast to a
technology push strategy, in which structural organizations display their
technical capabilities in unnecessarily complicated agitators, this market-
pull method is quite different. Rapid prototyping methodologies face a
number of challenges, including technological feasibility, cost-benefit
analysis, and identifying an effective business model.

5.4.3 Complement each other’s efforts

As previously stated, the utilization of AM technologies necessitates a wide
range of knowledge across the entire 3D printing process chain. It can be
challenging for some companies to cover all of the components internally,
especially at the start of the adoption process. Such businesses benefit from
collaborating with external collaborators, such as contract manufacturers,
research institutions, or service providers, to close gaps in capability or
competence.

5.4.4 Strategize and support

Several studies underline the importance that execution of AM techniques
requires strategic significance in the adopting firm as long as important
changes in operational structure are needed. Being at the intersection of
invention, technology, and operations management, a choice is taken in
favor of AM methods for industrial component manufacture (Oettmeier
and Hofmann, 2017). To tackle this problem, companies are emboldened
to define a 3D printing strategy ahead of time and align explicit execution
tasks with this plan. For effective implementation, chief executive officers
(CEOs) must give higher-level management assistance in the form of a cash
budget and personal commitment.

5.5 KEY ENABLER AND SOLUTION APPROACH

From the several studies and challenges, here are the six most vital enablers
for AM industrialization, along with possible solutions:
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5.5.1 Cost savings in manufacturing and the process chain

A considerable escalation in technical breakthrough techniques such as
binder jetting and process speed in research have showcased a higher
potential to attenuate the manufacturing cost in the coming decade. In
addition, material cost is further expected to decrease because of the novel
or improved material production systems and new scale economics.
Mechanization of the process chain is still in its early stages of development,
and it may result in additional cost assets. It is expected that 3D printing
methods will get a better understanding of design-to-cost.

5.5.2 Production qualification and quality confirmation

In today’s scenario, it is possible to fabricate excellent quality and intricate
3D printed parts. However, a less intricate and expensive qualification
strategy for rapid prototyping is required to empower forthcoming produc-
tion. The machine characteristics, technical details or specifications of quality
impudence, and 3D printing materials are categorized in mutual coordination
for this purpose. In a recent study, intensification of quality impudence has
been a prominent emphasis. In addition, the development of simplified
quality impudence and qualification is expected to be moderate and stable.

5.5.3 Consolidation of digital process chain and 3D
printing into manufacturing

In the current context, industries that invest with a comprehensive strategic
plan and have consistent management assistance have the ability to entirely
establish AM as a manufacturing technology. A computerized chain of
processes, such as software for operation planning, has the capability to
vastly boost productivity. Experts firmly believe that additive manu-
facturing processes can be perceived as consolidated manufacturing tech-
nology with ripened digital process chain.

5.5.4 Establishment of additional standards and guidelines

Standardization in 3D printing is progressing rapidly. However, the 3D
printing process, data formats, digital security, and sustainability assess-
ment demand outstanding standardization. The broad use of consistent
standards and norms is expected to improve the overall quality of 3D
printing, as well as its acceptability and industrialization across all sectors.

5.5.5 New application development

The effectiveness of the 3D printing market ruler is contingent on reeval-
uating procedures and applications with an entrepreneurial attitude.
Choosing the right purpose and design for 3D printing is predicted to be a
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Figure 5.7 Requirements for 3D printing forthcoming trends.

significant facilitator in business cases. Several studies show that the usage
of automated software for component design has increased. Researchers
are also looking at new 3D printed materials and combinations, as well
as multi-material solutions, to expand the range of applications. Current
advancements are anticipating a new business case, as well as a market
expansion for specialist applications.

5.5.6 Expertise development

The expansion and development of 3D printing expertise across the sector,
particularly among small and medium-sized businesses (SMEs), may help to
propel the total market forward. Experts believe that advancement will
accelerate significantly in the next years, but they still see it as a vital
facilitator for the next decade. The progressive increase of skills in 3D
printing enterprises necessitates a long-term effort. Specific requirements for
3D printing future production trends can be obtained with the help of six
sigma enablers which are illustrated in Figure 5.7.

5.6 KEY ENABLERS NECESSITATE SPECIFIC ACTIONS

To foster the accomplishment of key enablers, this section concludes with a
necessitate specific actions for the worldwide production community to
bring 3D printing industrialization a step ahead. All the stakeholders in the
3D printing ecosystem require putting efforts to conquer the issues built by
3D printing technique commercialization intricacy and to provide the 3D
printing capability to a massive scale in the industries. This section discusses
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Figure 5.8 Significant steps to advance 3D printing.

various steps used for the advancement of additive manufacturing pro-
cesses, as demonstrated in Figure 5.8.

5.6.1 Substantial diminished costs throughout the process
chain via common investments

Researchers and technology providers are being encouraged to concentrate
more on the needs of end-users, with a particular emphasis on the unique
requirements and costs associated with serial manufacturing. The develop-
ment strategy must go beyond the limits of additive manufacturing proce-
dures, including both upstream and downstream approaches. To reduce
costs, investments and finance from collaborative partners outside of the
process chain must be bolstered.

5.6.2 Putting resources into training, sharing information,
and assigning ‘“AM-business visionaries”

Initially, prevailing endeavors to educate engineers in institutions need to
continue and amend. In addition, the knowledge of 3D printing needs to be
delivered via knowledge transfer projects and commercial training programs.
Several studies indicate that companies spent more on skills, knowledge, and
people followed by machines. The present hurdle lies in the lacking of pro-
fessionals inclination to enhance 3D printing processes coupled with earnings
in the firm’s government financing is an alternative to promote private
individual and corporate training in 3D printing. Educational training pro-
grams and dedicated transfer initiatives may help to improve industrial
knowledge development.

5.6.3 Consolidation and push endeavors in standardization

Standards implementation throughout the industry for instance, in small and
medium enterprises, has to be a fundamental objective. Three-dimensional
printing standardization committees should continue to take one step further.
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Furthermore, the advantages of adopting standards must be communicated
to enterprises in a comprehensive and interrelated framework. The govern-
ment should be enthusiastic to incentivize the research institutions, compa-
nies, and industries in the process of standardization to safeguard current
state of knowledge via committed funding opportunities.

5.6.4 Boosted and streamlined financing to keep
technology readiness research going

The landscape for 3D printing-related processes in technology readiness
research has to be improved in partnership with public partners, research
institutes, and academic organizations to expedite their industrial applica-
tions. 3D printing is often a difficult process that still necessitates much
research; nevertheless, if funding opportunities remain unchanged, 3D
printing research will dwindle. Streamlining government financing methods
is proven to be a hot topic, especially in the areas of cost cutting, quality
assurance, and software development.

5.6.5 Implement subsequent sustainability and circular
economy

According to many studies, a significant focus on sustainability will benefit
3D printing, which can aid with carbon reduction, for example. Three-
dimensional printing may be considered a critical component of a long-term
transformation plan for businesses and governments. Incentives such as new
rules or financing may steer 3D printing toward a “cradle-to-cradle” and
circular economy approach. Furthermore, industry analysts believe that
pricing emissions would lead to an increased usage of 3D printing.
Companies that combine 3D printing with a comprehensive sustainability
plan may create new assets for consumers and stakeholders. 3D printing
supports the circular economy by providing novel material alternates, design
freedom, sustainable manufacturing, better products, and simplified resource
reusability (https://www.additivemanufacturing.media/articles/infographic-
how-additive-manufacturing-supports-the-circular-economy).

5.6.6 Bring issues to light and investor quality confirmation
and improved capabilities

If nothing is done, qualification might become a deep-seated stumbling block
to progress. Extensive research and a push for quality assurance that is often
less expensive must be taken into account. Continuous investment in orga-
nized collaboration among end-users, norming bodies, regulatory agencies,
research, and component suppliers is undertaken to solve this problem. For
future industrialization, the qualifying technique must transition from a
sweeping a step-by-step method to qualification of a shared process.
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5.6.7 Large-scale digitalization of the interaction chain

Consistent data availability and digitization besides the entire process chain
needs to be improved as demonstrated by various studies. Hence, appropriate
data formats, opening, and allocation of metadata, and standardized inter-
face should be imposed. Machine and software manufacturers are required to
tem up and comprehensively enhance the software process chain, especially
during consideration of artificial intelligence (Al) capabilities.

A big jump in industrialized 3D printing may be cooperatively developed
from inside the 3D printing ecosystem, as seen in the suggested call to
action outlined above. With aforesaid changes, enormous new applications
and future models will be feasible in the upcoming decade. As a result, the
whole market is always moving forward, and various industries have the
potential to be disrupted.

5.7 CONCLUSION

Implementation of 3D printing in industries, there is still much to be done.
However, this transformative technique has made a quantum leap ahead by
creating faster and improved systems and developing novel materials. More
attention is focused on broadening the list of approved standards to pro-
mote standardization. In addition, continuous attempts are made to bridge
the existing knowledge voids and cultivate an advanced generation of AM
experts. Lastly, the 3D printing industry is becoming more integrated as
the industries are looking forward to collaborating, in a bid to result in
extensive solutions. The above-discussed scope of current 3D printing
opportunities, fundamental challenges in AM adoption with their solutions,
and call of action are indicative of a booming industry that will continue to
evolve in the coming years.
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6.1 INTRODUCTION

In the last decades, the world has been facing environmental challenges as
the result of population growth and industrial development. Various studies
were conducted on the emerging environmental issues, in order to com-
prehend the details, to identify possible measures or solutions, and to raise
the awareness of the individuals. Among different sectors, there are also
studies on the manufacturing industry, with a focus on developing more
sustainable processes in line with awareness of emerging environmental
issues. Sustainable manufacturing term corresponds to decrease waste of
materials, chips and scraps (Sreenivasan et al., 2010). Moreover, decreasing
energy consumption and environmental pollution by reducing the cutting
fluids, oils and related substances, which are widely used for conventional
manufacturing processes might contribute to sustainable manufacturing.
Additive manufacturing (AM) technologies, which enable the production
of three-dimensional (3D) parts in a layerwise manner, provide the oppor-
tunity to produce parts by minimum waste of materials and energy con-
sumption without the need for any die, tool, fixture, cutting fluids or oil
(Yang et al,, 2020a; Ford and Despeisse, 2016; Peng et al., 2018).
Furthermore, the ability of producing 3D geometries with complex shapes
allow implementation of topology optimization, generative design and lattice
structures. As a result, a functional part can be manufactured with less
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material and its weight can be reduced without sacrificing strength
(Prathyusha and Babu, 2022). The reduction of weight and thus the energy
consumption is of great importance especially for the aerospace, maritime
and automotive industries. The adoption of lighter parts and components
provides a considerable amount of fuel efficiency which results in decreasing
the carbon emissions and the related environmental impacts. For this reason,
lightweight metallic materials such as aluminum and titanium alloys are of
great interest for the aforementioned industries. Besides, their high specific
strength, good corrosion resistance and easy processability in powder form
make them widely preferred materials for additive manufacturing applica-
tions particularly in powder bed fusion (PBF) processes.

Nowadays, with the rapid development of the AM technologies, it is
possible to produce near-net-shape (NNS) functional parts by laser powder
bed fusion (L-PBF) processes from light metals such as AlSi10Mg and
Ti6Al4V powders. However, because of the complex physical phenomena
during rapid solidification of the L-PBF processes, properties of the final
product highly depend on the process parameters which have to be opti-
mized according to the material, design and geometry of the part (Ghio and
Cerri, 2022). Therefore, L-PBF process parameters of light weight metals,
such as laser power, beam diameter, scanning speed, layer thickness, hatch
distance and their effects on the final product properties, are explained and
discussed in this chapter. The rest of the chapter is organized as follows.
First section explains the principles of L-PBF process followed by the de-
tailed explanations of the essential process parameters. Afterward, each
section deals with the parameter values used for the relevant light metal
alloy and the influence of these values on the physical, mechanical, surface
and dimensional attributes of the parts. In the last section, the entire
chapter is summarized and the most influential parameters for L-PBF of
light metal alloys are highlighted.

6.2 LASER POWDER BED FUSION ADDITIVE
MANUFACTURING

The laser powder bed fusion (L-PBF) processes depend on the principle of
melting and fusing metal powders with the utilization of the laser power as
the heat source. Three-dimensional part geometry is produced layer-upon-
layer on the build platform. As the name suggests, the powder bed is formed
by recoating the dispensed powder at every layer to the build chamber until
the full part is produced. As the height of the full part is achieved by ele-
vating the build platform along Z-axis, the cross-sections at each layer are
formed by moving the laser beam along the X-axis and Y-axis with the help
of galvanometric mirrors. While the potential risks of introducing undesired
elements to the composition of the produced parts are eliminated via pro-
cessing under inert gas atmosphere, other risks such as as-received humidity
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Figure 6.1 Schematic drawing of L-PBF system (Under Creative Commons CC BY 4.0 license).

Source: Mooney and Kourousis (2020).

of powders are avoid by heating the build platform. A schematic repre-
sentation of the generic L-PBF system can be seen in Figure 6.1.

Even though it is beneficial for researchers and engineers to grasp the
details of L-PBF machines and their working principles, further knowledge
is needed in order to produce high-quality parts together with secure
microstructure and mechanical properties (Yasa and Poyraz, 2020). This
knowledge then can be used to optimize various process parameters which
lead to complex multi-physics phenomena during rapid solidification
(Ahmed et al., 2022).

Powder bed fusion processes have various parameters, which can be
classified in four basic groups such as laser-based parameters, powder-based
parameters, scan-based parameters and temperature-based parameters
(Figure 6.2). Laser based parameters consist of laser power, laser beam
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Figure 6.2 Classification of powder bed fusion process parameters.
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diameter, frequency of the laser pulse and its duration. Particle size, distri-
bution, sphericity, density and morphology can be classified under powder-
based parameters (Gibson et al., 2021).

Laser power is the most important laser-based parameters, which highly
dominate the heat input to molten the powder, fusion process and molten
pool characteristics. Higher laser power provides higher heat energy, wider
molten pool with enough depth which guarantees to melt and fuse the metal
powder with the previous layer. This phenomenon results in compact
structured, highly dense parts without pores and gaps (Sagbas et al., 2021).
It is important to note that achieving optimum molten pool width and
depth is the key factor for obtaining highly dense parts without pores and
gaps. The criterion presented with Equation 6.1 is offered by Tang et al. in
order to achieve full melting (Tang et al., 2017).

(%)2 . (%)2 ‘1 (6.1)

where W is the melt pool width (mm), / is the hatch distance (scan spacing)
(mm) refers to the distance between the center of two following laser scan
track, ¢ is the layer thickness (mm) and D is the depth of the molten pool (mm).

Melt pools with dimensions greater than optimum values will cause
unstable behavior of the molten material by capillary (Rayleigh) and
Marangoni effect. Viscosity, capillarity and surface tension gradient deter-
mine the flow of the molten metal. Under the unstable conditions, it would be
difficult to control the direction of the melt flow, which causes unexpected
microstructures, mechanical properties and surface quality. Moreover, higher
depth of the melt pool will cause high heat input to the previously, already
solidified layer and change its microstructures by uncontrollable thermal
gradients. As a result, mechanical properties, surface quality and dimensional
accuracy will be affected by microstructure changes and residual stresses
(Sagbas et al., 2021). Figure 6.3 shows the schematic representation of the
melt pool and the corresponding geometric characteristics.

It is important to note that laser power is not a unique parameter for
controlling the melt pool dimensions and its stability. There are many dif-
ferent parameters, beside whose individual effects, most of them are strongly
interrelated with each other and have combined effects on product properties.
For expressing this combined effect, input energy density (E; J/mm?) term,
which can be expressed by the most effective L-PBF parameters such as laser
power (P; W), scan speed (v; mm/s), hatch distance (b; mm) and layer
thickness (#; mm), is defined with the Equation 6.2. Energy density represents
the energy delivered to a unit volume of powder material (Brandt, 2016).

(6.2)
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Figure 6.3 Schematic representation of the melt pool and the corresponding geometric
characteristics (Under Creative Commons CC BY 4.0 license).

Source: Letenneur et al. (2019).

This complex interaction between the L-PBF process parameters may result in
different product properties in terms of dimensional accuracy, surface quality,
mechanical properties, density and porosity. By optimization of these
parameters, it is possible to obtain desired product specification otherwise
unexpected parameter interactions may cause different kinds of defects such
as incomplete melting, pinholes, residual stresses, undesired pores, form
deviations, rough surfaces and low mechanical properties. For instance, lower
values of laser energy density with low laser power and high scanning speed
result in insufficient melting of metal powder, lack of fusion and so high
porosity. On the contrary, increasing the laser power with a constant scanning
speed will cause excessive heating and deeper laser penetration, which
result formation of keyholes and re-melting or microstructural changes of
the previous solid layers (Kamath et al., 2014). While both laser power and
scanning speed increased to a certain limit, it will result in the formation of
unstable molten pool behavior with vaporization, micro-segregation of the
alloying elements, balling effect and discontinuous melt tacks(Ahmed
etal., 2022).

Hatch distance highly affects the stability of the melt pool and micro-
structure of the manufactured part. While low hatch distance is used, large
overlaps will occur and cause high energy input. Stable melt pool will occur
at the optimal hatch distance (Figure 6.4). If the hatch distance is less than
the optimal value, an unstable melt pool will occur because of the excessive
heat input. On the contrary, while the hatch distance is large, it will cause
inadequate heat input and melting so there will be gaps between the scans.
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Figure 6.4 Representative drawing of hatch spacing and overlap.

Source: Sagbas et al. (2021).

According to the expected product specifications, the hatch distance
parameter must be optimized (Sagbas et al., 2021).

Beside scan speed, scanning strategies also play an important role in heat
dissipation required for bonding of powder. Scanning strategies designate
the heat transfer, solidification processes and thermal gradients between
layers which affect microstructure, mechanical properties, residual stresses
and so dimensional accuracy and surface quality of the L-PBF manufac-
tured part (Yasa and Poyraz, 2021). Various type of scanning strategies
used for L-PBF are shown in Figure 6.5. Appropriate hatch distance, laser
scanning patterns and layer thickness ensure enough heat dissipation
required for bonding between powders and layers.
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concentric out-in Island- concentric out-in Island-linear

Figure 6.5 Various type of scanning strategies used for L-PBF (Under Creative Commons
CC BY 4.0 license).

Source: Abdelmoula et al. (2022).
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Powder-based parameters have also an important effect on final prop-
erties of the L-PBF manufactured parts (Srivatsan and Sudarshan, 2015).
Size and shape of the powder highly affect the density and behavior of the
powder during the fusing process. Spherical powders with high surface
smoothness provide higher flowability while finer powders mixed with
larger ones may fill the gaps between powders and increase packing density
(Zhu et al., 2007; Rajabi et al., 2008). Thermal conductivity and solidifi-
cation rate of the powder increases proportionally by increasing packing
density. As a result, finer microstructures which provide higher mechanical
properties can be achieved.

Parameter levels and their effects may differ according to the material
type because of their chemical and physical properties such as composi-
tions, thermal properties, surface energy, density and laser absorption. In
the following sections, L-PBF parameters and their effects are discussed on
most widely used light metal alloys of aluminum and titanium with the
reference based on previous studies.

6.3 LASER POWDER BED FUSION ADDITIVE
MANUFACTURING OF TITANIUM ALLOYS

Although more than two centuries have passed since the elemental dis-
coveries of titanium, its industrial use could only begin in the second half of
the 20th century due to the difficulties in purification processes (Leyens and
Peters, 2003). The production process of titanium, which consists of four
main stages in general, includes the reduction of titanium ore to obtain a
sponge-like structure followed my melting to form an ingot (Lutjering and
Williams, 2007). Later on, general mill products such as billet, bar or plate
are produced by converting the ingot via primary fabrication. Finally fin-
ished products are obtained through secondary fabrication techniques.
Among these stages, different solutions were sought especially for the initial
reduction. With the utilization of early developed Kroll process, titanium
tetrachloride was used instead of titanium dioxide during reduction, and
this has a complex process route in which magnesium is also involved
(Leyens and Peters, 2003). Titanium alloys, which were made feasible for
industrial use with other fabrication techniques and additions developed
later, have expanded their application areas in less than half a century and
have become preferred for several industries like aviation, biomedical,
dentistry, automotive and machinery.

Despite the initial fabrication difficulties, titanium alloys undoubtedly
owed their widespread use to the different advantages they offer. Among
these advantages, their mechanical performance comes to the fore at first
glance, and in this sense, the specific strength, or in other words, the high
strength-to-mass ratio is one of the most desirable features for applications
where weight reduction is important, especially in the aerospace industry
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(Bray, 1990). In addition to the advantageous properties they offer, the
wide variety of alloy types and manufacturing methods has an important
role behind the widespread use of titanium. In this context, titanium alloys
which have many available grades such as commercially pure, alpha, beta
or alpha-beta can serve different purposes. A similar diversity exists in
terms of production methods. Accordingly and depending on the grade,
semi-finished titanium alloys can be processed into their final form by
conventional methods such as forging, casting, welding and machining, as
well as by unconventional methods such as electro-chemical processing,
superplastic forming and additive manufacturing (Benedict, 2017; Bourell
et al., 2020).

Thanks to the design freedom offered by additive manufacturing tech-
nologies, allowing internal channels, lattice structures and topologically
optimized geometries, application of titanium alloys, which already have a
great advantage in terms of strength-to-mass ratio, is very compelling for
industries like aerospace. Powder bed fusion (PBF) additive manufacturing,
which is the most mature group in terms of the production of metallic
materials among all additive manufacturing families defined by interna-
tional standards (AM-POWER, 2020), includes a wide variety of applica-
tions available to titanium alloys. These applications provide significant
benefits in terms of both design and production if performed correctly.
However, incorrect applications can lead to undesirable results.

Among the relevant PBF groups, the most common is the laser powder
bed fusion (L-PBF) additive manufacturing. Today, the popular titanium
grades for additive manufacturing research with L-PBF are cp-Ti (Grade 1),
cp-Ti (Grade 2), cp-Ti (Grade 3), Ti6Al4V (Grade 5) and Ti6Al4V - ELI
(Grade 23). Certain international standards for these grades have been
published and the F3302-18 standard provides general information about
Grade 3, Grade 5 and Grade 23, while the F2924-14 standard also includes
additional information about Grade 5 and F3001-14 standard Grade 23
(ASTM International, 2018, 2014a, 2014a). The first thing to be considered
in terms of L-PBF of titanium alloys is the raw material used. The chemical
composition of the powders for the production of titanium alloys via L-PBF
is presented at Table 6.1 based on the international standards.

Another point to be considered in terms of powder materials for L-PBF
additive manufacturing of titanium alloys is powder particle size, distribution
and powder morphology. While the powder particle sizes with average
diameter of 40 pm expected to have a gaussian distribution that can go up
to 100 pm, morphological considerations include sphericity and satellite
free pieces. ASTM International (ASTM International, 2014b) refers to
two common methods which can be employed to identify the chemical
composition of the alloying elements of metal powder other than oxygen,
nitrogen, hydrogen and carbon. These methods are Atomic Emission Plasma
Spectrometry and Optical Emission Spectroscopy. Powder morphology,
which is another important characteristic, is widely evaluated by qualitative
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Figure 6.6 a) Morphological evaluation, and b) particle size analysis of Ti6Al4V powder for
L-PBF (Under Creative Commons CC BY 4.0 license).

Source: Maly et al. (2019).

definitions and/or particle shapes. Image analysis or light scattering methods
(ASTM International, 2014b) can be employed for the relevant characteri-
zation tasks. These qualitative definitions include the sphericity of the pow-
ders and aspect ratio of the outer dimensions. Particle size distribution (PSD)
of metal powders can be characterized using several methods as sieving,
image analysis and light scattering (Laser light diffraction) (Figure 6.6)
(ASTM International, 2014b).

After providing a suitable material in terms of standards and verifying this,
energy density parameters are one of the first subjects to focus on in
the process development of titanium alloys. As in other alloys, the energy
density parameters are obtained by dividing the laser power by the layer
thickness, scanning speed and hatch distance, and the effect of the parameter
combinations on the part density or porosity is examined. For the porosity
investigations, in addition to density measurement with Archimedes method,
image processing over microstructure or non-destructive characterizations
with X-CT are employed (Slotwinski et al., 2014; Arvieu et al., 2020).
Although the Archimedes method is preferred more because of its low
investment cost and non-destructive nature, there is a risk of lower density
determination compared to other methods (Mahmud et al., 2021). Among
the reasons for this situation may be the fact that there is a certain level of
roughness on the surfaces of additively manufactured titanium alloys and
that the liquid used in the Archimedes method cannot enter between them, so
the measured volume is higher, and the density is lower. While lack of fusion
errors are encountered in titanium alloys where the energy input is low, en-
ergy input increase lead to other porosities due to inert gas entrapment, inert
gas dissolved in liquid melt and released on solidification, and metal gas
evaporated by high laser energies and re-solidification (Vilaro et al., 2011;
Gong et al., 2014). In a study by Kasperovich et al., it was determined that
among different energy input parameters, scanning speed has a major effect
on porosity in both directions and laser power in the direction of lack of
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fusion (Kasperovich et al., 2016). In the aforementioned study, the hatch
distance was considered as the least effective parameter since the laser melting
area was large (Kasperovich et al., 2016). Another study confirms that laser
power and laser scanning speed were the parameters with the highest effect
on porosity of titanium alloys (Maly et al., 2019). In a study in which various
publications are reviewed, it is seen that the energy density range that mini-
mizes the porosity for Ti6Al4V is at the level of 85-105 J/mm? (Poyraz et al.,
2021). In addition, in another study compiling the literature on cp-Ti parts,
it was revealed that the appropriate energy density range for this material is
95-120 J/mm?® (Zhang et al., 2016).

In terms of the parts whose energy density is optimized and can reach the
maximum possible part density, the expected mechanical strength values
according to international standards are 380MPa yield strength (YS) and
450MPa ultimate tensile strength (UTS) for cp-Ti, 825MPa YS and 895MPa
UTS for Ti6Al4V, 795MPa YS and 860MPa UTS for Ti6Al4V ELI (ASTM
International, 2018). These values are expected from the parts produced in
the X-Y and Z directions. However, it has been seen in the literature that
555MPa YS and 757MPa UTS are achievable for cp-Ti (Attar et al., 2014).
Again, in the literature, it has been determined that YS and UTS values exceed
1100 MPa in studies with Ti6al4V-ELI (Mahmud et al., 2021).

When titanium alloys are examined in terms of mechanical properties, it
has been seen that secondary processes have an important effect on these
properties, in addition to factors such as the process parameters used. In
this respect, different publications assess the room temperature mechanical
strength of as built (AB), stress relieved (SR), heat treated (HT) and hot
isostatic pressed (HIP) specimens. As can be seen from Figure 6.2, while the
highest strength was in the AB state, the lowest strength was in HIP for
Ti6Al4V following to L-PBF. However, the effects of HIP should not be
evaluated solely by considering at the YS and UTS values. When the per-
centage of elongation values are considered, it is observed that AB samples
can decrease down to 6%, whereas HIP samples can go up to 19% levels
(Rekedal and Liu, 2015; Cain et al., 2015; Greitemeier et al., 2016;
Kasperovich and Hausmann, 2015; Leuders et al., 2013). It is seen that
another advantage of the HIP process is in the value of fracture toughness.
While the fracture toughness value of AB made samples is 28 MPaym in the
highest measured directions, this value goes up to 57.8 MPaym in HIP
made samples (Rekedal and Liu, 2015; Cain et al., 2015; Greitemeier et al.,
2016; Kasperovich and Hausmann, 2015; Leuders et al., 2013). Figure 6.7
shows Yield and ultimate tensile strength of Ti6Al4V under different sec-
ondary process conditions following to L-PBF.

Additional to mechanical attributes of titanium alloys fabricated by L-
PBF, it is also important to consider the influence of processing parameters
on surface quality (Oyesola et al., 2021). Studies of various researchers
show that laser power and scanning speed affects the quality with respect to
roughness and hardness of the produced part (Bourell et al., 2020). As the
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Figure 6.7 Yield and ultimate tensile strength of Ti6Al4V under different secondary
process conditions following to L-PBF.

optimum process parameters were laser power was determined as 300 W
and scan speed as 1400 mm/s. This set of process parameters produce a
minimum surface roughness of 13.006 pm for the top surface and 62.166
pm for the side surface (Bourell et al., 2020).

6.4 LASER POWDER BED FUSION ADDITIVE
MANUFACTURING OF ALUMINUM ALLOYS

By having high melt fluidity and ease in manufacturing, AlSi10Mg alloy is
the most widely used alloy for L-PBF processes. Due to its high strength,
thermal conductivity, low thermal expansion, high load-bearing properties
and high reflectivity, it is mainly used in automotive and aerospace indus-
tries (Pola et al., 2019). AlSi10Mg comprises various elements, including
titanium, aluminum, silicon, copper, iron, magnesium, manganese, zinc and
some residuals. Chemical composition of AlSi10Mg is given in Table 6.2
and scanning electron microscopy (SEM) image in Figure 6.8 (Ishfaq et al.,
2021; Sagbas, 2020).

L-PBF process parameters have great effect on the above mentioned
AlSi10Mg part properties. Mamoon et al. studied the effect of process
parameters on surface quality of LPBF manufactured AlSi10Mg and Al6061

Table 6.2 Chemical composition of AlSilOMg (Source: Ishfaq et al., 2021)
A(%)  Si(%) Fe(%) Cu(%) Mn (% Mg(%) Ni(%) Zn(%) Pb(%) Sn(%) Ti(%)
Balance 9.0-11.0  0.55 0.05 045 02-045 0.05 0.10 0.05 0.05 0.15
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Figure 6.8 SEM image of AlSilOMg.
Source: Sagbas (2020).

parts (Maamoun et al., 2018). They tested eight samples manufactured with
different levels of laser power, scan speed and hatch distance which provide
different energy densities, ranges between 27-65 J/mm?>. They reported that
the best surface quality with 4.5 pm roughness value was achieved with the
highest energy density 65 J/mm® (Maamoun et al., 2018). Dimensional
accuracy of the L-PBF manufactured parts are also highly affected by process
parameters. Mukherje et al. reported that thermal distortions, aroused by large
melt pool volumes, caused large dimensional deviations (Mukherjee et al.,
2018). Bagci et al. studied the dimensional accuracy of L-PBF of AlSi10Mg
functional parts. They concluded that besides laser power, scan speed and
scanning angle, beam offset is an important parameter that affects dimensional
accuracy of screw teeth as it is shown in Figure 6.9 (Bagci et al., 2020).

Mechanical properties of L-PBF manufactured parts are mostly the result
of process parameters. Complex interactions between powder, heat source
and parameters itself cause complex thermal gradients which result in dif-
ferent mechanical properties by gas pores, keyholes, incomplete melting,
residual stresses and different microstructures. Gasses, that trapped inside
the powder particles while chemical modifications are applied to the
powder, may release at melting step and remain during solidification. As a
result, gas pores which have important effect on mechanical properties, may
be aroused (Ferro et al., 2020; Sames et al., 2016).
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Figure 6.9 Dimensional accuracy measurement of L-PBF manufactured AlSilOMg func-
tional parts.

Yang et al. investigated laser power, linear energy density (J/mm) and
volumetric energy density (J/mm?®) on pore formation, microstructural and
mechanical properties of L-PBF fabricated AlSi10Mg parts (Yang et al.,
2020b). They reported that with the 111.1 J/mm® constant volumetric
energy densities, the pore quantities were reduced by decreasing linear en-
ergy density from 0.2 J/mm to 0.15 J/mm, and the ultimate tensile strength
increased to 475.18 MPa. The tensile strength decreased to 422.55 MPa
while the linear energy density decreased to 0.12 J/mm. The authors
concluded this situation as a result of formation of some large irregular
pores (larger than 100pm) because of insufficient linear energy density.
Moreover, while the linear and volumetric energy densities were kept con-
stant at 0.2 J/mm and 111.1 J/mm? levels, the ultimate tensile strength
increased by decreasing the number of pores with increasing laser power and
scanning speed (Yang et al., 2020b).

However, pores are generally formed by gas, wrapped into the gas
atomized powder or entrapped in build chamber during L-PBF process, for
AlSi10Mg parts, the gas pores may also be a result of reduction of H,O
with the following reactions which occur due to the thermal cycles during
the process. The hydrogen diffuses into the molten aluminum in monoa-
tomic form and may cause formation of pores (Ghio and Cerri, 2022).

2H20 b 2H2 + 02

3H20 + 2A1 i A1203 + 3H2
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Figure 6.10 Measurement of pores in LPBF manufactured AlSilOMg part by micro com-
puted tomography.

Source: Sagbas and Durakbasa (2019).

Metrological assessment of the size, shape, numbers and dispersion of the
pores are important for predicting mechanical properties of the parts.
Archimedes method is generally used for defining density and porosity of
the parts; however, this method doesn’t give information about size and
dispersion of the pores. Micro computed tomography provides opportu-
nity to evaluate volumetric fraction and dispersion of the pores while
microscopic techniques best choice for size evaluation (Figure 6.10)
(Sagbas and Durakbasa, 2019).

Another important parameter that affects product properties is build
platform temperature. By affecting solidification, cooling rate and thermal
gradient during manufacturing of a part, it causes serious changes in the
microstructure, residual stresses and so mechanical properties. Macias et al.
studied about the build platform temperature, and they set the temperature
30 °C to 200 °C (Macias et al., 2020). They concluded that 200 °C build
platform temperature decreased the residual stress approximately about
negligible level but the strength was lower with coarser grains which were
prone to damage (Macias et al., 2020). Influence on microstructure,
strength and ductility of build platform temperature during laser powder
bed fusion of AlSi10Mg were also investigated by other researchers. In a
study on build platform temperature conducted by Awd et al., authors
focused on the fatigue behavior of AlISi10Mg parts for which the cooling
rates were controlled by heating the build platform up to 200°C (Awd et al.,
2019). They concluded that controlling the cooling process provided
homogeneous microstructure and modified pore structures and forms. As a
result, higher fatigue strength was recorded for the parts manufactured on
the heated build platform (Awd et al., 2019).

Scan strategy is another important parameter that affects density, surface
quality and microhardness of the L-PBF manufactured parts. Bhardwaj
et al. reported some effects of scanning strategies on the density (Bhardwaj
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and Shukla, 2018). Moreover, they concluded that surface roughness of
one-way scanned samples was about 2 times higher than XY scanned ones
because there were more voids and cracks in one-way scanning than XY
scanning. Therefore, XY scanning strategy is recommended for high quality
finished parts (Bhardwaj and Shukla, 2018).

Han et al. focused on the effect of hatch distance and scanning speed on
dimensional accuracy and surface quality of L-PBF fabricated parts (Han
et al., 2018). They reported that there was an inflection point for scanning
speed while hatch distance was constant and dimensional accuracy of the part
depends on the inflection point. When the scanning speed was under this
inflection point, dimensional accuracy increased significantly by increasing
scanning speed (Han et al., 2018).

Beside process parameters, post processing has also an important effect on
the product quality. Thermal, mechanical, chemical and laser-based post
processes are generally applied to the AlSi10Mg L-PBF fabricated parts ac-
cording to the desired quality specifications. Sagbas applied three different
mechanical post processes such as shot peening, blasting and polishing on
to the AISi10Mg parts. The author reported that shot peening caused plastic
deformation of the surface and increased micro hardness and wear resistance,
while polishing provided the lowest surface roughness (Sagbas, 2020). In
another study, Pola et al. (2019) focused on the effect of shot peening on
fatigue behavior of AlSi10Mg parts manufactured by L-PBF. They concluded
that shot peening considerably increased fatigue strength of the parts.
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7.1 INTRODUCTION

In recent years, coffee consumption has steadily increased, and experts predict
that the global market will continue to expand. Coffee studies reveal fasci-
nating information about consumer coffee usage, such as the type of people
who drink coffee first thing in the morning or who enjoy taking coffee while still
atwork. According to assessments, about 30%-40% of the world’s population
drinks coffee on a daily basis. These percentages are substantially higher in the
United States, accounting for almost 65% of the overall population. Despite
the fact that coffee consumption is high in the United States, studies reveal that
northern European countries are actual coffee addicts that consume massive
volumes of coffee per capita. Coffee exports have amounted to 11.4 million

DOI: 10.1201/9781003306238-7 125


https://doi.org/10.1201/9781003306238-7

126 3D Printing and Sustainable Product Development

bags as at 2022 compared with the past years where they were lower. The total
consumption rate has increased over the years and according to statistics of
the fiscal year 2020/21, total 166,346 bags each of 60 kg were consumed.

The Scandinavian countries have the largest yearly per-person con-
sumption, owing to their long, dark and harsh winters, which make coffee
a cherished commodity. On per-person basis, the United States consumes
around 4.4 kilograms (9.7 pounds) of coffee per year, ranking it as the
world’s 25th largest consumer. In the United States, a regular person
consumes three cups of coffee every day. Conferring to a National Coffee
Association survey, Hispanic Americans (65%) are further likely than
other races to drink coffee every day in the United States. Coffee is
consumed on a daily basis by 64% of Caucasians. Coffee is consumed on
a daily basis by 54% of individuals who identify as African Americans
(Food Truck Empire, 2021). It is predicted that global coffee consump-
tion will grow by a third by 2030, adding 200 million bags to the total.
The reasons for this are wage growth and population growth.

Waste generation is a natural occurrence, and the amount of waste created
is directly related to cultural and lifestyle changes. Coffee grounds are a one-
time-use product, and the total waste generated by coffee disposal equals all
imports and sale of coffee combined. Coffee has massive environmental
consequences, generating massive amounts of solid and liquid waste all over
the world (Pujol et al., 2013). This is owing to a significant shift in cultivation
practices. Coffee is grown organically under a shaded canopy of trees in
tropical and subtropical countries at high elevations, providing a cherished
habitat for native animals and creepy-crawlies, as well as reducing topsoil
corrosion and eliminating the need for chemical fertilizers.

As a result of separating the commercial product (the beans) from its source
(the cherries), a large amount of pulp, residual residue and parchment is gen-
erated. Waste coffee grounds are an underutilized high-nutrient material with
promise as horticulture compost, thus recycling by vermicomposting can be a
low-cost, long-term alternative to disposal. In a six-month period, it is pro-
jected that processing 547,000 tons of coffee in Central America produces
1.1 million tons of pulp and pollutes 110,000 cubic meters of water (Fernandes
etal,2017). Coffee pulp is frequently dumped into streams, drastically harming
sensitive ecosystems. This extra waste can also cause havoc with soil and water
sources. If not properly disposed of, used coffee grounds are considered a
possible harm to the environment. Used coffee grounds can leak methane into
the atmosphere, contributing to the global climate change problem.

7.2 CURRENT APPLICATIONS OF SPENT COFFEE GROUND

7.2.1 Fertilizers

Spent coffee grounds are derivatives from the coffee industry, which are rich
in carbon content and could be utilized in many applications in different
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sectors. Anecdotal evidence suggests that locally produced discarded coffee
grounds can be used in town cultivation and botanical gardens, either directly
in the soil or after composting with other urban carbon-based wastes. Coffee
grounds are a great source of nitrogen for compost pile. Adding organic
material to the soil using coffee grounds as a fertilizer improves drainage,
water holding and ventilation. The spent coffee grounds also charm earth-
worms and help bacteria that are beneficial to plant growth flourish.

While it may appear that utilizing free coffee grounds is the ideal approach,
several gardeners have discovered that putting coffee grounds directly on the
soil has had terrible results for their plants. The grounds can be applied in
different ways which are (1) sprinkling the coffee grounds directly into the
garden, (2) mixing of the coffee grounds into compost, which boosts the
nitrogen content and (3) steeping of coffee grounds in a bucket of water
overnight, which makes a liquid fertilizer.

7.2.2 Biofuels

Biodiesel is a renewable energy source made from natural oils and fats that
is used to replace petroleum fuel in vehicles. Domestically, this clean
renewable fuel can be made from a range of oils, fats and greases using
chemical procedures. An ASTM definition for biodiesel is a blend of long-
chain monoalkylic esters derived from fatty acids obtained from renewable
sources that is suitable for use in diesel engines. This latter not only meets
the majority of the standard features of petro-diesel, but it also offers a
number of traits that make it a very promising alternative energy source
(Atabani et al., 2019). Because SCG contains a high amount of organic
substances like as fatty acids, lignin, cellulose, hemicellulose and other
polysaccharides, they have a lot of potential as a biofuel feedstock.

Contemporary research studies have highlighted the value of SCG as a
valued spring of phenolic composites and bioenergy. SCG has been assimi-
lated in biogas production and bioethanol production, biodiesel and bioe-
thanol have been produced from SCG, coffee oil has been extracted from
SCG using four solvents and prototype scale extraction and biochar has been
produced from defatted SCG using slow pyrolysis. Because spent coffee
grounds (SCG) have a high calorific value, they can be used to make refuse-
derived fuel (RDF). The disadvantage of pure SCG pellets is that they may
reduce boiler performance and cause particles to be released, so more ma-
terials are needed to produce good quality pellets. Past researches reaffirm
the use of waste paper and coffee remnants for briquette manufacturing, the
manufacturing of carbonized lump charcoal from Rain tree (SamaneaSaman)
and SCG/tea waste, the impact of blending SCG and coffee silverskin (CS) on
the value of pellet fuel produced and the manufacturing of eco-fuel briquettes
with 32% spent coffee ground, 23% coal fines and 11% sawdust to profit
lower harmful emissions compared to fossil fuels. (Patcharee, 2015).
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In the last decade, much research has been done to burn biomass waste in
various boilers, for example, for the assessment of the pyrolysis tests in a
commercial residential wood pellet boiler with a pure SCG pellet, a blended
pellet (50% SCG and 50% sawdust) and a sheer pine wood pellet, for the
fuel and combustion test in a small boiler (6.5 kW) with SCG, and for
the ignition tests of wood pellet on a fixed bed reactor with various co-
products. The burning of straw, olives, tomatoes, cocoa beans and other
similar materials resulted in relatively good tank productivity, but the
delinquent is the resulting ash, which has a truncated melting point. It is
vital to keep the heat exchanger from becoming clogged. It is far more
advantageous to mix these waste biofuels with wood, so eliminating this
unpleasant issue. We would be able to cut waste while also obtaining a
green energy source by burning this biofuel.

7.2.3 Biodiesels

An in situ trans esterification process could be used to convert the lipids in
SCG to biodiesel. Existing in situ trans esterification of wet SCG biomass is
energy costly, as it is carried out at a high response temperature to minimize
the water outcome and response time. To generate biodiesel straight from
wet SCG biomass, a new method was devised that includes simultaneous
extraction and trans esterification in a single step utilizing a soxhlet device.
With hexane as a co-solvent, a homogeneous base catalyst at 0.75 M
demonstrated greater catalytic action than acid on fatty acid (FA)
abstraction efficacy and FA to fatty acid methyl ester (FAME) alteration
efficacy (Abdullah et al., 2017). The maximum FA to FAME alteration
proficiency of 97% was achieved by studying the factorial result of meth-
anol to hexane ratio and response time at a ratio of 1: 2 and a reaction
period of 30 minutes. Furthermore, the reagent could be reused five times
before dropping its effectiveness. When compared to conventional tech-
nologies, the sensitive abstraction soxhlet (RES) approach might save
38%-99% on energy consumption.

SCG (spent coffee ground) has been shown to contain lipids in the
10%-28% range. Some researchers have confirmed that in situ trans es-
terification of crop seed/biomass can create a high biodiesel production. In
addition, biodiesel produced using the in situ trans esterification technique
passes ASTM standards and can be utilized to control diesel engines.
Biodiesel manufacturing now depend on vegetable oil as a spring, exacer-
bating the food vs. fuel dilemma. The use of feedstocks that need a lot of
water to cultivate (drink vs. fuel) has been criticized as well. As a result,
finding low-cost feedstock’s with high lipid content is important to improve
biodiesel’s competitiveness. Despite the fact that unused cooking oil is two
to three times cheaper than vegetable oil, sources are restricted and rich in
contaminants.
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7.2.4 Bricks

Because of the high fire temperature and greenhouse gas emissions, the
typical firing process for manufacturing construction bricks is not sustain-
able. As a result, there is a rising incentive to invest in environmentally
friendly technologies. SCGs are solid wastes produced by coffee con-
sumption. Every day, six million tons of coffee grounds are created around
the globe. As a result, enormous amounts of SCG are burned and buried,
potentially releasing hazardous compounds like polyphenol and tannin
into the environment. SCG recovery, reuse and potential in the engineering
area are all possibilities because to their intriguing physical and chemical
properties.

Clay bricks are made through thermal behaviour to get a better enclosure
lagging when made from the grounds. During the fire process, organic
compounds combust within the matrix, resulting in increased porosity. As a
result, the heat conductivity of bricks is lowered. However, other char-
acteristics that impact the utility of the bricks, primarily the percentage of
water immersion and compressive power, are influenced by porosity.
Several experiments were carried out for various percentages of trash in
order to generate bricks that met governing criteria, were established by
standards and had the lowest thermal conductivity possible (SpringerLink,
2015). The findings were examined and compared to earlier studies, fin-
ishing that it is probable to add 17% waste while the compressive power of
the bricks is greater than 10 N/mm2, indicating that they can be used for
physical reasons. However, because bricks manufactured by adding 17%
must be coated, they cannot be utilized as facing bricks. Thermal conduc-
tivity is lowered by up to 50% in this situation (Figures 7.1-7.3).

7.3 COMPARISON OF DIFFERENT TREATMENTS
(OIL REMOVAL PROCESS)

7.3.1 N-Hexane extraction

Hydraulic pressing, expeller pressing and solvent extraction have all been
used in the past to excerpt oil from oilseeds (SE). Solvent extraction is one
of these technologies that has been widely used for cost and practical rea-
sons. Oilseeds are treated prior to solvent extraction in order to maximize
oil recovery. The SE process involves washing the oilseeds with hexane, and
then separating the hexane from the oil by evaporation and distillation.
Because of its rapid oil recovery, narrow boiling point (63-69 °C) and
outstanding solubilizing ability, hexane has been commonly employed in
the SE process (Liu and Mamidipally, 2005). N-Hexane extraction is time
consuming since it requires large amount of a solvent (Hexane) and energy,
which results in low productivity.
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Figure 7.1 Flow of converting spent coffee grounds (SCG) to Biodiesel and Solid Biofuel.

Inhalation of hexane-contaminated air in a short-term affects the nervous
system causing dizziness, nausea, headaches and even coma. Chronic contact
can harm the neurological system more severely. If swallowed, it can cause
significant abdominal pain and have a negative effect on the respiratory
system, causing shortness of breath, coughing, mouth, throat or chest
burning, and possibly chemical pneumonitis. When working with hexane,
wearing personal protective equipment is recommended. Hexane should be
stored in fireproof containers in a well-ventilated environment, away from
strong oxidants and in well-sealed containers. Any unused chemical should
be recycled or returned to the supplier for its intended purpose.
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Figure 7.2 Bricks made of Moroccan clay with different percentage of spent coffee grounds
(SCG).
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Figure 7.3 Process Flow of making products by using SCG-PP composite materials.
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7.3.2 Ultrasonic extraction

Ultrasonic extraction is a frequently used method for extracting plant
materials using fluid diluters this is because the superficial area between the
solid and liquid segments is considerably greater due to cell disturbance and
particle dispersal. It has been shown to be a faster and more complete
abstraction practice than traditional methods. When using traditional ex-
traction procedures like liquid-liquid extraction in solvents, the extraction
efficiency generally improves as the temperature rises. Because temperature
influences the stability of the phenolic components, this frequently results in
extract degradation and loss of quality. The ultrasound-assisted solid-liquid
extraction method has been found to be both successful and time-saving.
Because the ultrasonic pressures are so intense, they provide all of the en-
ergy required for extraction, requiring fewer or even no solvents. Because
the sonicated batch or flow cell reactor can be efficiently cooled, the tem-
perature can be well controlled (or heated if necessary). Hielscher
Ultrasonics also offers ATEX and FM certified explosion-proof ultrasonic
equipment for solvent extraction procedures.

The spent coffee ground is still a raw material rich in extractable compo-
nents thanks to the powerful extraction pressures of ultrasound. Coffee trash is
a suitable raw material for extracting the residual active chemicals because it
is inexpensive and readily available. Although the caffeine and other compo-
nents in coffee trash are lower than in wasted coffee powder, there is still a
significant amount that can be extracted. The full influence on the processing
conditions becomes especially important when it comes to releasing these
chemicals from the coffee ground. Ultrasound with high power can extract
large amounts of active chemical in a short length of time.

7.4 MIXING SPENT COFFEE GROUND TO RECYCLED
POLYMERS

The moisture content of the coffee by-products is removed and dehydrated
to underneath the orientation moistness level, then extruded and pulverized
at a high temperature. Coffee by-products are cooked at a temperature of
50 °C to 120 °C for 60 to 240 minutes. The water is dried to a weight of
6%—7.5% or less. The coffee by-products are chilled after initial grinding
and then crushed to a size of 120 to 300 meshes using a crusher according
to the presentation. When the particle size of coffee by-products is smaller
than 120 mesh, they become so large that the surface of the bio plastic
product is rough, affecting the strength and elongation of the final product.
The standard has deteriorated and the physical qualities and colour varia-
tion of the fibre by-products of the coffee by-products are destroyed, the
smell is diminished and the crushing takes a lot of time and exertion to
lower efficiency if the particle size surpasses 300 meshes. As a result, it was
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determined that the coffee by-grinding product’s particle size should be
between 120 and 300 mesh.

To make a bio plastic pellet, principal raw extrude is blended with
polypropylene, polyethylene, or a combination of the two and extruded
(130). This phase eliminates the volatile gas from the kneader by heat and
reflux, then plasticizes and thaws it at 180 °C to better spread and squeeze
the uncooked materials. A twin screw extruder produces a pellet with a
width of roughly 5§ mm and a size of about 2 to 3 mm at a temperature of
150 to 220 °C. Polypropylene or polyethylene, or a combination of the two,
is further added as a biochemical raw material in amounts ranging from
47% to 65% by mass, depending on a final product weight of 100%. More
particularly, polypropylene, polyethylene, or a combination thereof helps as
a folder to increase the malleability of the current creation’s bio plastic, and
when the synthetic resin content is less than the reference value, the bio
plastic’s elongation and tensile strength become weak. Natural coffee by-
products’ aroma or colour is limited above this threshold, interfering with
biodegradation. Polypropylene and polyethylene can be employed sepa-
rately or in combination, with the fraternization ratio adjusted according to
the physical qualities necessary for the present invention’s bio plastic, a
coffee waste product. Finally, bio plastic pellets are injected to manufacture
containers and the like, and extruded to make films and the like. The
injection and extrusion procedures are identical to those used for recog-
nized plastics, and current equipment is used.

SCG polymers have covalent bonds in matrices like polyethylene (PE),
polypropylene (PP), PU, Poly(Lactic Acid) (PLA) and Poly(Butylene Adipate-
Co-Terephthalate) (PBAT). Polyethylene (PE) compounds are the most
commonly used artificial polymer milieus filled with SCG for their ubiquitous
use in wrapping, truncated costs and generally good qualities. Many varieties
of polyethylene exist, among them are high-density polyethylene (HDPE) and
low-density polyethylene (LDPE). PE commonly used thermo-plastic poly-
olefin for blast and injection moulding in the world. PE is utilized in a variety
of applications, including tubes, panes, containers and other similar goods,
due to its great durability, easiness of production, little electrical conductivity
and bio-chemical motionlessness. In comparison to LDPE, HDPE has
superior impression strong point and electrical lagging. Polypropylene
(PP) compounds, also known as polypropylene, are a useful commodity
thermoplastic that is well-known for its low price and wide range of uses,
including film, fibre, packaging and automotive parts (Hatakeyama and
Hatakeyama 2009).

PP can be recycled unaided or as a conditions for amalgams containing a
variety of reinforcements (particles, fibres etc.), including bio-based materials
like wood. PU Composites — used to replace rubber — are made by combining
an isocyanate and polyol to form a polymer. Insulators, rigid foams,
coatings, adhesives and elastomers are some of the uses of PU composites.
Efforts are focused to generating polyol from an ordinary source, as well as
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Table 7.1 Different mechanical and physical properties of SCG composites according

to PP
Formulation (wt. %) Neat PP PPICC PPISCG
75125 75125
Tensile Yield Strength (MPa) 348 £ 0.1 282+ 0.2 242+ 04
Tensile Modulus (MPa) 1650 + 10 2200 £ 10 1530 + 20
Elongation at Yield (%) 75 0.1 330l 48 £ 0.1
Elongation at Break (%) -700 5103 79 £ 09
Maximum Flexural Stress (MPa) 55.0 £ 0.1 525+ 0.7 433 £ 05
Flexural Modulus (MPa) 1930 + 10 2510 £ 50 1650 + 30
HDT (°C) 110.9 + 0.4 1269 + 1.4 102.6 + 3.1
Izod Impact Strength (J/m) 224 +£0.2 248 £ 1.0 240 + 2.1
MFI (.10 min™") 10.1 £ 0.1 7.6 £ 0.1 99 £ 0.1
Density (kg/m®) 0.910 + 0.004 0.995 + 0.004 0.985 + 0.007

PU compounds with natural or waste-based plasters, due to environmental
concerns. So far, only a few studies have been published on the use of
SCG as filler in PU compounds. Poly(Lactic Acid) (PLA) composites bio-
degradable polymers are said to be extra expensive. As a result, PLA
composites including lignocellulose trashes have been developed to lessen
PLA content, making them more inexpensive for use as a replacement for
synthetic polymers in various applications. Several studies have described
on SCG valorization as a plaster for PLA compounds to lessen the quantity
of SCG in the surroundings over the last ten years. Researchers explored
the coupling effect of SCG in PLAs and 4,4-methylene diphenyl diisocya-
nate (MDI) as a coupling agent (10, 20, 30 and 40 wt.%) (Hatakeyama
and Hatakeyama, 2009). The mechanical strength of the PLA and SCG
dropped as the filler content increased; however, MDI was demonstrated to
advance the morals at 30 wt.% by forming a urethane link amongst them.
Poly(Butylene Adipate-Co-Terephthalate) (PBAT) composites are bio-
degradable polymers commonly used in packaging and biomedicine. PBAT
was employed as a medium for lignocellulosic compounds for the reason
that of ithas a low thermo mechanical characteristics and high manufac-
ture cost (Hatakeyama and Hatakeyama, 2009). Coffee waste is currently
being used in PBAT compounds with coffee husks and silver skins.
Table 7.1 shows the different mechanical and physical properties of SCG
composites according to PP.

7.5 BENEFITS OF THE SCG POLYMERS

Polyphenolics, lipids and lignin make up the majority of SCG. The abundance
of polyphenolics such as chlorogenic acid, caffeic acid, gallic acid, ferulic acid
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and cinnamic acid makes it possible to create high-value-added yields, par-
ticularly in the cosmetics and skin care industries. However, in order to
retrieve useful molecules from SCG, an extraction procedure is required.

Unique Polymer Systems offers a variety of solvent-free polymer coatings
for industrial pump repair that have a number of advantages like longer
pump life and improved efficiency, reduced energy costs, extreme abrasion
resistance, increased chemical and temperature resistance, chemical adhe-
sion, which eliminates the need for hazardous solvents, versatility in
application on various substrates and higher hardness than other coating
products. Unique Polymer Systems has established itself as a world leader in
this industry thanks to these coatings. To generate coatings with a high level
of corrosion and erosion resistance, products have been developed for
nearly any application. They are also physically and mechanically strong
enough to resist the harshest industrial settings.

SCG polymer provides solutions that reduce resource usage while
increasing resource efficiency. This high-quality plastic resin manufacturing
process produces a unique HDPE that strikes the perfect combination of
strength and stiffness, requiring less material to build a product with the
same level of strength. From lightweight CSD caps and closures to high-
impact films for industrial use, to SCG Green Choice-certified extra-strong
big chemical tanks, HDPE lends itself to a wide range of products. More
importantly, when compared to standard plastic resins, SCG polymer
reduces greenhouse gas emissions during the manufacturing process. SCG
polymer offers solutions that can convert multi-material packaging, which
is widespread but notoriously difficult to recycle, into mono-material PE or
PP packaging that can be recycled economically and has functional and
aesthetic features that suit the objectives of brand owners.

Sorted and cleaned plastics are processed into high-quality PCR resins
that not only suit user needs but also assist brand owners in achieving their
goal of employing recycled materials. These PCR resins are also certified to
the Global Recycled Standard (GRS), which verifies the source of recycled
plastic resins’ basic components. SCG Chemicals has cooperated with both
local and worldwide partners with expertise in recycling, such as Teamplas,
to develop and grow recovered plastic markets to other locations. Plastics
that have not been fully separated can be recycled as feedstock for the
creation of plastic resins with qualities equal to virgin plastics that have
achieved ISCC PLUS accreditation through a method known as advanced
recycling, sometimes known as chemicals recycling.

SCG polymer also provides biodegradable plastic options. Chemicals’
special formulation allows them to be easily extruded into household and
industrial film products, boosting convenience and moulding efficiency.
They also feature a wide range of properties that fulfil user needs and have
been certified as bio-compostable by the world’s premier German-based
institution DIN CERTCO. Another option for minimizing the use of rap-
idly diminishing fossil-based resources in plastic manufacture is to switch to
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resources that can be replaced through cultivation, such as bio-based
resources, which emit fewer greenhouse gases and so assist to reduce global
warming’s impact.

7.6 APPLICATIONS OF SCG POLYMERS

7.6.1 Injection moulding

Injection moulding (or molding, as it is spelled in the United States) is one of
the most important processes for producing plastics articles, along with
extrusion. Whether it’s high-precision technical components or disposable
consumer goods, it’s a quick and reliable method for mass-producing
identical objects. Developments like the OVDesigns have emerged with an
Espresso polymer, which is highly suitable for products with log lifespan.
The material is 100% recyclable and compostable in an industrial setting.
The product can either be recycled into a new product or decomposed in an
industrial composting facility. Coffee grinds and sugarcanes make up the
Espresso polymer. This well-formulated combination produces a strong
material with wall thicknesses ranging from 1 to 10 mm. Any injection
moulding, rotation moulding, or extrusion business can process the mate-
rial. Because the material can be used in existing machinery, there is no need
to invest in new machinery because the investment will be comparable to
that made with conventional polymers such as ABS, PE, PS or PP.

7.6.2 Compression moulding

According to the current invention, this is a method of making moulded
goods from coffee grounds that allows for little chemical addition during
moulding, resulting in practice materials that are safe for human con-
sumption. The process entails use of high density polythene (95%) weight
and coffee husks to reinforce the filler (5%) weight. The husks are disposed to
open air burning and are used to help reduce their negative impacts on the
environment. A moulding machine is made of mild steel and stainless steel
consisting of heating chambers, mould base, compression shaft and obser-
vation windows. The temperature of the heating chamber is controlled using
a temperature controller. The created bio-composite polymers are put
through elongation, tensile strength and water absorption tests. Coffee husks
reduce the tensile strength and percentage elongation when used in com-
pression moulding.

7.6.3 3D Printing

Composite mixture of PLA and coffee ground have been developed, which
are tough and environmental friendly. The grounds help reduce the manu-
facturing costs while still maintaining abetter recycling. The PLA composite
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isn’t made from actual coffee grounds. It entails the use of a dry, odourless
material that is left over after the coffee oil and bio-diesel have been removed.
When 20% of these leftovers are mixed into ordinary PLA, the material gains
a 400% increase in toughness over standard PLA. Due to the additions, the
material has a highly earthy colour and can be created with a standard fila-
ment desktop 3D printer. Another benefit of this new composite is that it may
be less expensive than pure PLA. The waste’s inclusion lowers the overall
material cost while increasing the volume of the overall material.

7.7 CONCLUSION

The consumption rate of coffee was increased to release much spent coffee
ground and pollute the earth. It is a room for the researchers to discover
how to properly use the waste materials. By extracting the oil from the
SCG, the oil can be used a biofuel and lubricants. And the SCG is mixed
with polymeric wastes, the green composite materials is able to increase the
tensile strength.
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8.1 INTRODUCTION

China processed around 67% of the global plastic waste in 2016. From 2017,
the Chinese government stopped importing the industrial and domestic waste
from other countries. Jenna Jambeck (University of Georgia) indicated that
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this policy could lead to disposing of around 111 million metric tons of
plastic waste to landfill by 2030. Around five million plastic drinking bottles
are disposed in Hong Kong daily. The bottles are made of thermoplastics,
such as polyethylene (PE), polypropylene (PP) and polyethylene terephthalate
(PET) materials. There is a lack of sufficient facilities to process and recycle
the waste bottles.

Three-dimensional (3D) printing was developed since the 1980s and has
seen significant growth in the past 10 years. Three-dimensional printing is
one of key technologies in the framework of Industry 4.0. The material
extrusion was applied to develop the Fused Filament Fabrication (FFF) or
Fused Deposition Modelling (FDM), which is now available to domestic
users. The polymeric material such as polylactic acid or polylactide (PLA) is
widely used to make the filaments for making the product. The polylactic
acid material is a biodegradable material derived from plants such as corn
starch, cassava roots, chips or starch. Due to low cost of FFF machine and
filament material, the waste materials has increased at a high speed.

Earlier 3D printing filaments were used to be extruded, while existing
extruding machine use a screw to apply the elevated temperature and high
pressure to melt the polymeric material and push the material through the
small die hole to make the filaments. The limitations of single screw ex-
trusion include (1) poor mixing capability for different recycled polymeric
materials and (2) melted polymer may block extrusion machines and give
poor printing quality. As single-use PET drinking bottles was difficult to be
recycled in Asia, it is a possibility for the industrialists and scientists to
evaluate how the materials can be used for 3D printing.

8.2 GLOBAL CONSUMPTION RATES OF PET POLYMERS IN
THE PAST 10 YEARS

Global consumption trends for PET polymers are massively increasing. The
general plastic consumption has been high but the PET polymers’ popularity
has been confirmed by the recyclability. Countries are tired of plastic pollu-
tion and require polymers with high recyclability. In 2012, Asia-Pacific
projected consumption trend stood at 29.4%, while the US and Western
Europe witnessed 24.1 and 19.7%, respectively (BNP Media, 2012). With
market projected to grow at 5.2% annually is a massive increment in the use
of PET packaging. From a few tones in 1950s to over 15 million tons in 2012
and close to a billion tons in 2021, the PET consumption trend is alarming.

8.3 CURRENT COMMON APPLICATIONS OF PET POLYMERS
SUCH AS MAKING DISPOSABLE DRINKING BOTTLES

Three-dimensional printing is the process of producing plastic that could not
have been possible through molding. Traditionally, plastics were made to
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appear into different shapes such as a bottle, plate or bowl by molding. The
bottles and plates are considered to be two-dimensional (2D) shapes.
However, there can be more shapes that are difficult produce just by molding
a plastic. This is where 3D comes in. Currently, PET can be considered very
popular in the 3D printing business because it is being used by many manu-
facturers (Bainbridge et al., 2020). Resin 3D printing is the technology in
which liquid resin is stored in a container instead of being injected through a
nozzle. The major terms or types of resin 3D printing include stereo-
lithography (SLA), digital light processing and liquid crystal display (LCD)
or masked stereolithography (MSLA) (Zander et al., 2019). PET serves the
printing world in many ways. It can be the container that holds the liquid
used in printing. It can also be the raw material used to print out different
shapes. Using it as a raw material works because of PET’s chemical
properties. For example, in the semi-liquid shape, it can be spread on the
top of a plate and the printer passed over it. The printer is able to mold into
any shape because of the adhesive forces that pull it apart instead of
together. In this case, it does stick too tight, enabling manufacturers to
print any shape they want. Its filament prints easily and produces an ex-
cellent layer adhesion. It does not shrink rampantly, which makes it ideal
for large prints. PET does not produce any odor when being printed, and is
strong and chemical resistant.

Itis used to make disposable drinking bottles. The ability to make good food
and drink containers emanates from the fact that PET/PETG can wage a good
chemical resistance and can be thermoformed without difficulty. Therefore, it
has been widely adopted to develop oil containers, drinking containers and
food storage boxes. These packaging materials are all FDA-compliant since
they do not pollute the environment when disposed of since PET is highly
biodegradable. Cosmetics consumers are also likely to prefer PET because of
its light weight and strength, which makes it easier to distribute.

It is applied in medical and pharmaceutical applications. Medical
equipment require tough materials that cannot break easily or get damaged
during sterilization processes. PET’s rigid structure makes it a good fit for
the application in the health sector (Bainbridge et al., 2020). It can with-
stand these harsh processes. It also has wide applications in the making of
medical implants, which can mostly be credited to its biodegradable
property. In addition to the medical devices, PET is still being used to make
packaging materials for the devices, making it one of the most popular
polymers in the health provision industry.

PET can also be seen at retail stands and displays since it does not break
easily. However, it best fits this role because of the ease with which it can be
colored. It is equally ideal for signage (Zander et al., 2019). Naturally
transparent materials can be colored without problems, and since PET falls
in this category manufacturers have been able to apply different colors to it
to create different appearances. Since it can easily blend, many colors can be
applied, which makes it ideal for signage and displays.
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PET has been applied as machine guards. It forms plastic covering that
provides protection to users. These guards have been effectively applied in
the food processing units to protect workers, their formation takes less time
than polycarbonates and these are more durable than acrylic.

8.4 WAYS TO HANDLE PET WASTES

There is no better way of handling plastic wastes than trying to minimize
the waste. People ought to avoid single-use plastics (Gopinath et al., 2020).
These plastics are normally manufactured to serve one purpose only. For
example, a drinking straw is manufactured to help beverage consumers
draw drinks from bottles. After the consumer has finished the drinks from a
bottle, he throws away the straw. If the person were to consume three other
bottles, four straws will be in the dustbin just from one person. Another
example is plates, which are known for single uses. Some plates are used to
serve only one type of food, such as chips after which they cannot be used
for other purposes. There are numerous occasions where plates are dis-
carded not because they are torn or damaged but because people have used
them in one meal or the other. These plates should not be thrown away
after a single meal. If consumers cannot put these plastics into numerous
uses, they need to adopt their alternatives.

PET polymers can make good bags for those who love shopping. However,
some people still make these bags single-use materials. It is advisable that
people uncomfortable with plastics should use cloth bags because it will help
reduce the level of plastic consumption. However, those who use plastic bags
should know that PET polymers are biodegradable (Gopinath et al., 2020).
However, they are still plastics and require close attention. For example, a
plastic bag can be used more than once to avoid creating a lot of waste
product within a short time. Therefore, whenever an individual thinks of
filling up his fridge, which normally occurs once a week, he should leave the
house with at least one reusable bag. This will minimize what he can call as
plastic waste in his household because he is reusing most of it.

People should avoid careless disposal of plastics that they cannot use again.
For example, it is next to impossible to try and use chewing gum again after
consuming it. It is noteworthy that chewing gums are made of plastics.
Chewing gums can be recycled. However, most people choose to throw it
away once they are done with its taste. Since it is non-biodegradable, the gum
will not be disappearing any time soon after it is thrown into a garden, lawn
or by the roadside. There are correct recycling containers where chewing
gums could be placed. However, the best way is to reduce consumption by
going for alternatives such as the natural and organic chewing gums.

People should buy more bulk food and fewer packaged products. Disposable
containers are inundating supermarkets. For example, any visit to a super-
market or a shopping mall will point an individual towards the direction of PET
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bottles. Some of the things packaged in the PET bottles cannot be repackaged
elsewhere, but the consumer can buy less of products put in plastic bottles and
more of the alternatives (Khoo et al., 2021). If the consumer takes the PET
bottles, he should think about recycling and a safer disposal. Buying in bulk has
been a better way of avoiding excessive plastic consumption.

Avoid comingling the plastic with other waste products. Since people
have busy lifestyles; they can forget to pay attention to how they place the
plastic after use. For example, they can throw it in the wrong container
where it mixes up with other items. Plastics can release harmful materials
into wrong places within the house. It should be handled carefully, espe-
cially by avoiding the mix up with other waste products.

It can do good to teach one’s family about the importance of handling
plastic properly. This step can be ignored by many, but it helps to create
awareness about the handling of plastic waste. People tend not to think
about the harm the plastics cause to the environment, and even less about
the harm they can cause to human beings. Therefore, it pays to inform
family members that they should be careful around plastics.

8.5 DISPOSAL

Plastic’s best disposal method is that which takes it from the consumer to the
landfill where the municipal authorities can flag it for recycling. The disposal
process begins at the consumer’s home. After consuming the contents from
the plastic, such as drinking water from a PET bottle, the consumer should
place it safely in a dustbin (Tulashie et al., 2019). These bins are tucked
outside the house in the developed nations such as the US. Putting it outside
makes it easy for the municipal authorities to collect even if the homestead
owner is not available. The consumer should ensure that the dustbin for
plastics is not comingled with other waste materials. Every time the consumer
empties contents from a PET bottle he adds the bottle to the dustbin’s con-
tents, presumably other plastic containers.

After the plastic containers have stayed for a certain period, the household
collection is handed over to the municipal collectors. The household collec-
tion occurs individually most of the time, but there can also be a central point
where all the waste from a neighborhood is collected (Tulashie et al., 2019).
At the moment, individual houses are provided with litter bins near their
houses where they put in the used plastic materials. The authorities take the
collected plastic waste to the landfills. These refer to large holes created as a
central point for the collection of all plastics used by the municipality across
the city or town. From the landfills, the plastics are taken to the recycling
points. Plastic waste at the landfills is referred to as post-consumer municipal
plastic waste. The municipal authorities can provide licenses to different
companies to recycle the gathered waste so long as such recycling processes
do not harm the environment farther.



144 3D Printing and Sustainable Product Development

8.6 RECYCLING METHOD AND APPLICATIONS OF
RECYCLED PET

Recycling starts with sorting. The used PET plastic materials are taken to
the materials recovery facilities (MRF) where they are sorted to separate
them from waste from other materials. For example, they can be sorted to
separate metals. Ballistic sorting can also remove dust or films. Spectral
sorting uses sensors to detect polymer type and color. The waste bottles are
then flattened and put in bales for shipment to processing centers.

Companies mostly use mechanical recycling. It involves melting the resin,
filtering and extruding or molding it into new PET articles, such as bottles,
films, strapping or fibers. Sometimes the PET feedstock can fail to produce
pure enough products for mechanical recycling and sometimes manufacturers
fail to chemically recycle the resin back to monomers or oligomers. Reaction
products such as terephthalic acid (PTA) or dimethyl terephthalate (DMT)
and ethylene glycol (EG), or bis(2-hydroxyethyl) terephthalate (BHET) can
be used.

8.6.1 Mechanical recycling

The bottle flakes can be re-pelletized. The bottles are transformed into flakes.
They are then dried and crystalized. The granules look clean because they
have been filtered and plasticized. The end product reveals an amorphous re-
granulate whose viscosity ranges from 0.55 to 0.7 (Gopinath et al., 2020).
The viscosity depends upon pre-drying of the flakes. Since the acetaldehyde
and oligomers are present in lower levels, the viscosity reduces.

8.6.2 Converting to bottle flakes directly

The PET flakes can be turned into usable bottles with the help of polyester
intermediates. They can be produced through strapping mills, which are
effective at adjusting the viscosity to the required level. Reconstituting the
viscosity is possible because of polycondensation. With adequate viscosity,
the granules can stick together through spinning or any other method.

8.6.3 Chemical recycling

There are several ways to recycle the PET chemically. One is through partial
glycolysis. It enables the polymerization of the PET granules by converting the
rigid polymer into short-chained oligomers which can be melt-filtered at low
temperature thus removing the impurities (Gopinath et al., 2020). Total gly-
colysis refers to fully transforming the polyester into bis(2-hydroxyethyl)
terephthalate (C6H4(CO2CH2CH2O0OH)2) (Tulashie et al., 2019). The puri-
fication then occurs through distillation. Total glycolysis produces polyester
intermediates good enough to be used in industrial manufacture. The chain
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reaction is shown below: (CO)CgH4(CO,CH,CH,0)],, + n HOCH,CH,OH
— n C4H4(CO,CH,CH,OH),. Conversion through methanolysis produces
dimethyl terephthalate (DMT). The chemical reaction is [(CO)CgH4(CO,
CH,CH,0)], + 2n CH30H — n C¢H4(CO,CHj3),. Therefore, chemical re-
cycling is aimed at degrading the polymers to make transformation possible.

8.7 APPLICATIONS OF RECYCLED PET

They are often titled rPET. The re-use can be similar to the original use. For
example, a PET bottle made to contain water can continue to do so even after
recycling. They can also be used as fibers. Most of them are sold as apparel
fibers, including the fibers used to make carpets. Some companies such as
Mohawk Industries have produced 100% PET-recycled fiber. Percentages can
differ but PET can be used as fiber for textiles. Additionally, it can be used for
energy recovery (Tulashie et al., 2019). Since PET contains hydrogen, carbon
and oxygen, it can well be used as a source of fuel in waste-to-fuel plants.

8.8 POSSIBLE WAYS TO IMPROVE POTENTIAL HYGIENE
PROBLEM BEFORE RECYCLING PET MATERIALS

Hygiene problem is solved through rigorous cleaning. They are separated
from the metals. This is done to shield the granulator from damage. The
metals can be present as a result of mixing the waste with other materials or
they might have picked dirt during collection (Myren et al., 2020). It is
good to make sure that the recycled materials do not have metals. The
recycled materials are washed in hot water. Since these materials have been
used, there is no doubt that they are dirty. Washing helps to make them
clean. Washing is a simple mechanical process to clean the PET waste so
that they can be processed. To get the best flakes from granules, flotation
should be attempted, as it separates impurities from purities based on
density. They can also be dried because drying removes impurities.

A simple cleaning process begins with opening the bale to release the
contents. The contents are sorted because of the presence of contaminants
of different colors or other polymers. For example, a bale can contain PET
bottles of different colors, or different polymers such as PVC. Sorting
should remove any foreign material including paper, film, sand, glass and
stones, among others (Zhao et al., 2018). After sorting out the bale, the
contents are rewashed. There are two ways to wash. One can cut the
contents first or one can wash without cutting. After washing and drying, it
is easy to see the remaining impurities with some being removed by air
sifting. They can also be removed by placing the recycle materials in a
container that will differentiate them using densities. Caustic washing can
also help. Some of the cleaning processes are aimed at maintaining the
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intrinsic viscosity even if they decontaminate the materials to be recycled.
Any process of washing should be followed by rinsing then drying. The
washing makes things clean by removing dirt, but it cannot remove certain
impurities, which is where processes such as air-sifting of flakes help.

There are other advanced steps that can help to further remove dirt. One
of them is melt filtration, which is applied to remove contaminants from
polymers melts during extrusion. The use and eventual recycling processes
can lead to impurities and material defects. They accumulate with the
length of the process. For example, reactive polyester OH™ or COOH™ end
groups can die or become non-reactive (Shojaei et al., 2020). For example,
this dying or inactivity of the end products can be seen when making vinyl
ester end groups by dehydrating using terephthalate acid in which the OH~
or COOH™ end groups are likely to react with mono-functional degrada-
tion products like mono-carbonic acids or alcohols. This leads to minimized
or no reactivity when the materials are being re-polycondensed. Sometimes
the impurities are brought by the number of gels accumulating or long-chain
branching defects. These deformities can be corrected through melt filtration.
The chemical defect removal processes are meant to improve the quality of
what is being recycled. Therefore, the manufacturer adds different elements
for improved results. They can increase COOH™ end groups, color, haze.
Increment of transparent products reflects the original color of the PET
polymers. They can even decrease mechanical properties such as the strength
of the polymers or viscosity as necessary.

8.9 CHEMICAL STRUCTURES AND PROPERTIES OF
DIFFERENT PET POLYMERS

Polyethylene terephthalate has two main polymers: the PET/PETE and
PETG. The chemical formula for PET/PETE is (C;oHgO4), or OOC-CzHj-
COOCH,-CH,),. The molar mass varies in the range of 10-50 kg/mol and
density is 1.38 g/em?®, 20 °C 1.370 g/cm?, amorphous 1.455 g/cm?, single
crystal (Nistico, 2020). The melting point is > 250 °C (482 °F; 523 K).
Therefore, PET is made up of polymerized units of the monomer ethylene
terephthalate, with repeating (C;oHgOy4) units (Ng et al., 2018). It contains
terephthalic acid. PET can be defined as a thermoplastic polymer resin of
the polyester family, biodegradable and semi-crystalline (Nistico, 2020).
Crystalline polymers can be difficult to plasticize. Manufacturers must add
water the same way as they do for nylon but to a lesser extent. The chemical
formula shows that the polyester is based on carbon-carbon links in which
one of the carbons forms part of a carbonyl group. PET is transparent to
visible light and microwaves, and is quite effective in resisting ageing, wear
and tear, and heat. It has less weight. It is least affected by impact and is
shatter resistant. Furthermore, it emits good gas and possesses moisture
barrier properties.
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Being PET’s copolymer, PETG contains both the PET and glycol properties.
Consequently, it does not get as overheated as the PET (Ng et al., 2018). It is
hard, chemical and impact resistant, transparent and ductile. Additionally,
PETG can easily be extruded because it has good thermal stability, which
makes it especially good for 3D printing. The extrusion temperature ranges
from 220 °C to 260 °C with a print speed of 40-60 mm/s.

Since ABS 3D printing can cause PETG warping, it needs a heating plate,
and is more prone to scratches than PLA. The heating plate ought not to
reach 80 °C. PETG can attract moisture quickly and should be kept in a
cool dry place.

Particular properties make PET/PETG ideal for 3D printing. They are
strong and effective. They can withstand impact when being glazed or put
on high-strength display units. It can easily be formed and can be injection
molded into different shapes or extruded into sheets. It does not crack
under pressure. Since it is naturally transparent, PETG can effectively
accommodate other colors for special effects. However, it can be prone to
oozing during 3D printing. Manufacturers will have to introduce bridging
and retraction to remove blemishes. They can also do additional processing.

8.10 FEASIBILITY OF RECYCLED PET WASTE TO MAKE
PET-BASED 3D PRINTING FILAMENTS

The recycled PET waste can make good PET-based 3D printing filaments.
Extrusion method refers to a high volume manufacturing method whereby
the plastic granulates are pushed down a cylinder with a rotating screw. Some
printers have single screws while others have multiple screws. There are three
zones in the cylinder, including the feeding zone, the melting zone and the
pumping of the melted content zone. The feeding zone has a hoper which
helps granulates or flukes to be fed into the cylinder (Woern et al., 2018). The
feeding process is simple as the hopper is able to drop the granules using
gravity. The only thing to ensure is that the drop is continuous because the
end game is to have continuous strands of the recycled PET. This process
should be started when cleaning, purification and decontamination have been
done. As the granules drop, they move into the cylinder, a continuous hollow
tube filled with screws. As soon as the granules drop they begin to melt. This
cylinder normally has an external heating source. It is noteworthy that the
heating should be gradual. To make plastic fibers, the solid flukes or granules
have to be converted to a continuous pulp or semi-liquid material. This is why
it is important to heat the granules to transform the shape into a continuous
product. Excessive heating can melt the plastic too fast or too much to create
amorphous hydrocarbons. The melting zone transforms into the maintaining
zone where the melted granules must be kept in a certain shape. They are then
pressed into a smaller opening to give the required shape. In this case, the
formation of the filaments is the required shape.
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The feasibility of the PET comes from the fact that it is strong enough to
fit all the extrusion types. With right additives, one is sure to get the best
filaments with PET polymers. For example, tubing extrusion is used to
produce pipes and tubes. The filaments need to be long and strong. They
come out of the screws long and strong. The strength of the PET enables
the granules to stick together, probably with a little control of the intrinsic
viscosity (Woern et al., 2018). The difference is that in tubing extrusion
the continuous strands are only cooled after leaving the die, and normally,
manufacturers use water cooling. Film extrusion is aimed at making sheets.
The film tubes melt is cooled before it leaves the die and the semi-solid
material formed is blown to expand to the right size and thickness. The
suitability of the PET comes from its strength that prevents it from
breaking. It is quite strong especially the co-polymer PETG, which is pre-
ferred for making film sheets. PET can also go through sheet film extrusion
whereby the sheets are expanded after they leave the die by pulling because
they are too thick to be blown away. Therefore, different rolls are used to
pull the material apart to form the required film sheets. Even for those who
want to do over jacket extrusion can use PET because it is effective in
applying adhesive forces.

8.11 CONVERTING PET PLASTIC BOTTLES INTO FILAMENTS
WHICH CAN BE 3D PRINTED

With tensile strength (ot) of 55-75 MPa, elastic limit of 50%-150%, notch
test of 3.6 kJ/m?, and glass transition temperature (Tg) of 67-81 °C, the
PET polymers can withstand their conversion into filaments. The conver-
sion process starts with setting up stepper motor connections. They pull
the spools and provide a platform to roll them up. The process starts after
the PET bottles have undergone certain transformations probably they
have been cut and stranded together. The transparent strands are then
passed through a nozzle of a small diameter. The nozzle compresses
the plastic into a spool. The spools turn into thin filaments, which can then
be printed. The 3D printing enables the making of products from PET
without the requirement to mold. For example, in the video, a phone stand
has been printed from the filaments. It is noteworthy that the PET has good
adhesion and cohesion, and it spreads or sticks where needed thus enabling
the formation of any shape.

8.12 MECHANICAL PROPERTIES CHANGE AFTER
RECYCLING

Mechanical properties change when PET material is taken through recycling
processes. The elongation viscosity increases. Usually, a chain extender is
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used to elongate the strands. The process produces a gel, and the more the
chain extends, the more gel is formed and stickier the polymers become. The
longer the chain the more immobile it becomes which shows how strong
the influence of viscosity is. The elongation strength increases up to 0.6 wt%
before it begins to decrease at the chain extender loading of 0.9 wt%
(Alvarado Chacon et al., 2020). During recycling, the polymer can be ex-
tended but is not as strong as the virgin polymer even though the situation can
be changed through the use of additives.

The tensile strength can also be affected. The virgin polymer of PET
accommodates up to 11500 Pa of tensile strength while its copolymer
PETG boasts of up to 7700 Pa (Esfandabad et al., 2020). This covers the
stress or strain that a polymer can withstand before it breaks. It is expected
to change because the recycled material cannot have a better tensile
strength than the original one. Another change in mechanical property can
be seen in the impact strength. This strength is measured by testing whether
or not a material can break upon impact. PET’s impact strength changes
after recycling because the virgin polymers are stronger than the recycled
ones. The changes will also cover the compression strength, which mea-
sures how long a product can take to withstand when pressed between two
surfaces. PET has very impressive compression strength. It can be enhanced
during recycling by adding carbon fibers or glass fiber reinforcements.
Additionally, flexural strength can also be affected by recycling. The
flexure test is conducted by bending a portion of PET material until a
fracture shows. Since PET is a ductile material, it can withstand very high
levels of flexural strength.

8.13 CONCLUSION

The global consumption rate of PET materials is stable and it is difficult to
recycle the materials. The current recycling method and the chemical
structure of PET materials were studied. The waste PET material is broken
down to small granules and extruded to 3D printing filaments. Based on the
test result, mechanical properties can achieve a reasonable and satisfactory
result. Through the recycling of the PET materials to replace the PLA, the
sustainability concept can be taught to individuals. Since PLA is obtained
from sugar, potatoes or corns, using PET can be an alternative to save food.
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9.1 INTRODUCTION
Additive manufacturing (AM) (colloquially 3D printing) is characterized as a

process of fabricating parts from three-dimensional (3D) model data (CAD
file), generally by incremental layer deposition, as opposed to conventional
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manufacturing techniques (Sharma et al., 2022). Three-dimensional printing
is the subject of long-standing interest to researchers and dentists including
virtual surgical planning. The technological advancements are seemingly
on the near horizon. The digital transformation of dentistry, including
milling of ceramic and composite materials, intra and extra-oral scanning,
and computerized technology, is firmly established. Rapid prototyping
technologies to develop digitized models of human anatomical parts are
creating a shift in how products are designed and fabricated (Telfer and
Woodburn, 2010). Modern-day 3D printers can control the massive
demand for temporary or provisional restorations and equipment for
achieving the expertise required by dental professionals. Additive manu-
facturing processes like stereolithography, powder binding, photopolymer
jetting, digital light processing, fused deposition modelling (FDM), direct
metal laser sintering, etc., are future-proof technology that significantly
improves dentistry workflow. It can drastically decrease patient chair time
and offer flexibility in customized products, better quality, and accuracy
in 3D printed parts. The most recent and wide range of 3D printing ap-
plications include fixed or removable prosthodontics, orthodontics, en-
dodontics, maxillofacial surgery, implant dentistry, and periodontics. The
chapter gives an overview of various additive manufacturing technologies
used in dental practices and their applications in dentistry.

9.2 NEED FOR DIGITAL MANUFACTURING AND 3D
PRINTING IN DENTISTRY

Dental technology, like other technologies, is also influenced by the fun-
damental changes occurring in society, such as scarcity of skilled labour
and a continuous decrease in the number of trainees in dental practices.
However, the need for dental prostheses is high due to varying demo-
graphics (Schweiger et al., 2021; Campbell et al., 2017). Conventional
dentistry techniques significantly impacted the costs, quality, efficiency,
and ability to interact with dental technicians and surgeons. Digital pro-
cesses are preferred due to their efficiency, accuracy, reproducibility, and
enhanced material properties. Dental professionals firmly believe that
digital technology continues to advance the field of dentistry, and going
digital is the way forward. Digital manufacturing proves to be an asset for
dental professionals as it allows them to stay updated with the recent
technology and dental materials. Mass production, part customization,
and complex design fabrication are more accessible in 3D printing than
traditional subtractive techniques. A digitally fabricated product is more
readily available, economical, and paves the path for digital dentistry (Van
Noort, 2012; Horn and Harrysson, 2012; Caviezel et al., 2017; Kessler
et al., 2020a).
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9.3 CURRENT STATE OF DENTAL 3D PRINTING

The rapid prototyping technique has been firmly accepted in dental prac-
tices for nearly two decades, for instance, the laser sintering technique of
Bego Medical (Bremen, Germany) and EOS (Krailing, Germany). During its
infancy stage in 2002, the process of printing metals induced a sensation.
Experts acknowledged the vast potential of this rapid prototyping tech-
nology. Seletive laser melting (SLM) is widely used to fabricate metallic
structures, as stereolithography is also used in dental applications to
manufacturing surgical templates subjected to point-by-point solidification
within a resin vat through a laser source. In the early years, 3D printers used
for dental practices were confined to large manufacturing centres and
industries. In today’s scenario, these printers can be accessed by “regular”
dental laboratories and empower dental experts and help them tackle daily
challenges. Also, the number of vendors entering the dental market and
providing rapid prototyping techniques has drastically increased. Dental
professionals can now quickly fabricate dental models and other occlusal
splints, which was once unimaginable. Dental laboratories can quickly fab-
ricate objects using acrylics or composite resin in preparatory stages like
dentures, crowns, etc. Rapid prototyping of patient specific organs or tissue is
a becoming a viable alternative owing to the advancement in biomaterials
and 3D printing techniques and these processes develops enormous oppor-
tunities to change the existing structure of manufacturing system (Vashistha
et al., 2019; Punia et al., 2022).

9.4 TECHNIQUES OF ADDITIVE MANUFACTURING PROCESS
IN DENTISTRY

The different additive manufacturing processes are used in dentistry con-
cerning their applications. Every fabrication technique has its specific quality,
i.e., stereolithography (SLA) is famous due to its accuracy and precession;
digital light processing is very fast in the fabrication of products; direct energy
deposition can print the metal part resulting in the fabrication of strength-
ened parts, and fused deposition modelling printers are cheaper as compared
to other printers. The different types of rapid prototyping techniques are
explained in this section of the chapter, including their advantages, limita-
tions, and applications in dentistry. Figure 9.1 demonstrates the various
fundamental additive manufacturing techniques used in dentistry.

9.4.1 Stereolithography

From a technological perspective, stereolithography (SLA) can also be
called photopolymerization with thermoset plastics. It contains a thermo-
setting polymer or resin that is hardened irreversibly by curing a soft solid
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Figure 9.1 Various AM techniques used in dentistry.

or viscous liquid polymer or resin. Heat or sufficient radiation causes
curing, which can be accelerated by applying high pressure or combining
with a catalyst. The origin of the stereolithography apparatus can be traced
back to the 1980s, the first patented and commercially available 3D printer
for rapid prototyping (Zaharia et al., 2017).

In simple terms, stereolithography works because a photosensitive resin
gets solidified when exposed to ultraviolet (UV) radiations (Negrutiu, 2017).
A scanning laser is used in stereolithography, and UV light is aimed to a
photosensitive resin surface (Anderson et al., 2018a). The layers bind and
fabricate the prototype, starting at the bottom and building upwards. This
technique can fabricate surgical guides, obturators, crowns, and partial or
removable dentures. The limitation of this process lies in the inadequacy of
biocompatible resin and increased cost during the fabrication of large
size parts (Jain et al., 2016; Chia and Wu, 2015). Other challenges of SLA
include the utilization of photoinitiators and radicals, which may concede the
post-processing time, cytotoxicity, and inducing entrapment of un-reacted
monomers within itself (Dawood and Marti, 2015). The schematic working
of the SLA process is demonstrated in Figure 9.2.

9.4.2 Digital light processing

Digital light processing (DLP) is another technique of additive manufacturing.
Its printing methodology is very similar to that of Stereolithography. Larry
Hornbeck of Texas Instruments (TT) in the year 1987 created this technique.
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Figure 9.2 Working of stereolithography 3D printing.

This methodology became very famous as a projector is used to produce
models. A liquid polymer container is used in DLP. The light from a projector
in the setup falls on this vat. This process is carried out under feasible light
conditions. As demonstrated below, the projector projects a virtual picture of
the 3D structure or model onto the liquid polymer. The liquid polymer hardens
when exposed to light, and then the construction platform slides downward,
exposing the liquid polymer to light once more. This technique is repeated until
the entire geometry of the 3D construction has been built. Finally, the liquid is
withdrawn from the container, revealing the solidified model. Principle motion
is shown in Figure 9.3. The DLP method is fast, and it can print high-resolution
objects (Raza and Singh, 2020).

9.4.3 Selective laser sintering

The University of Texas invented selective laser sintering (SLS) and DTM
Corporation was the first firm to commercialize it (laterally owned by 3D
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< ) — Lens

DMD — Light Source

Figure 9.3 Digital Light Processing Setup.
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systems) (Sandeep and Chhabra, 2017). In SLS, the three-dimensional
product is the sintered part, i.e., the fused part. In Selective Laser Sintering
(SLS), a 3D effect is formed using laser-sinterable powder. The material that
has not been sintered or that has not been run through a laser to harden in
each layer may even serve as a support structure for the actual component.
This may be swept off after the manufacture is finished (Sood, 2011). Here
the powder is introduced into the laser sintering machine, and the products
formed by this method have very high tensile strength, and the products
possess very efficient thermoplastic properties. Laser of high power is used
in selective laser sintering technique to fuse small particles of material used
for manufacture, plastic or metal. This laser firstly scans the area of cross-
sections generated using computer-aided drawing (CAD) onto the power
bed and accordingly fuses the powdered material. Laser power, tempera-
ture, and part orientation are vital in determining fabricated parts’ strength
and surface quality (Kumar et al., 2016).

After fusing, as done in previous methods, the fused layer gets lowered
down to its entire thickness. Subsequently, the following layer formation
material is applied, and it comes over it. This layer deposition method
lowers the power bed and then another layer deposition until the complete
product is formed. Figure 9.4 illustrates the working of the SLS process.

If the materials are used for the SLS method, it is to note that high-
strength composites are not suitable because microscale reinforcements
(millimetre length fibres) tend to arrive at high strength. The powder layer
manufacturing method is limited to particle size, nearly 100-micrometer
diameter, or even less.

deflection mirror

" : —laser
printed object { ase roller antil scraper
-

build | pavider
platform

build chamber feeder chamber

Figure 9.4 Schematic view of the SLS technology.
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9.4.4 Selective laser melting

This method of manufacturing can also be stated as Directed-Energy-
Deposition. It can generate three-dimensional objects using a laser beam
supplied to metal powder. The material used is metal powder, which has been
directed by the high-power beam of laser light for its deposition leading to the
formation of molten build material of the required design. As this process
involves the use of laser for manufacturing, this method of 3D printing is also
called by one other name as ‘Laser Engineered Net shaping’. This method
involves using an elevated power-density laser beam for melting and later
fusing the metallic powders. This manufacturing technique somehow acts
like SLS and, i.e., why it is sometimes called its subcategory. This method
shows that additive manufacturing has the potential to melt the metallic
powder completely and then fuse it in the shape of desired solid 3D part
(Cabrera Agudo, 2018). Figure 9.5 shows a schematic depiction of the SLM
process. However, there are various similarities between SLS and SLM; there
are differences too. One main difference is that SLS uses different materials
like glass, plastic, and ceramics while SLM only uses metallic material, which
means that SLM powder is not being fused; instead, it is firstly liquefied for
enough time also to turn metal into a homogeneous molten state. Some
materials used for manufacturing in SLM are copper, tool steel, titanium,
tungsten, Al, (gold) Au, stainless steel, etc. A suitable property of this is its
reduced porosity, which controls its crystal structures. SLM can build parts
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Figure 9.5 Schematic representation of SLM process.
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stronger than SLS. This prevents part failures. The only limitation in SLM is
using a single metal powder (Paudyal, 2015).

9.4.5 Fused deposition modelling

FDM is the process developed and patented by Stratasys Inc. Parts are
fabricated. It consists of an extruder that extrudes the material on a surface,
and the surface moves in three linear axis motions according to the desired
pattern. This movement is usually driven by stepper or servo motors. The
material is continuously fed into the printing head, which moves in carte-
sian coordinates (X & Y coordinates) to print the initial layer of parts
designed in CAD software by the depositing material. The printer head base
is taken down to fabricate more layers. Fabricated parts are either subjected
to a support removal solution to remove the supporting material or can also
be performed manually. Thermoplastics like PLA, ASA, Onyx, etc., are
extensively used for the FDM process due to their low melting temperature
(Wang et al., 2017). Parts fabricated by this technique generally possess
better fracture toughness and tensile strength. However, the strength of
parts fabricated by this technique is significantly affected by build orien-
tation, part geometry (Gardan et al., 2016; Galeta et al., 2016). Figure 9.6
illustrates the extrusion based FDM process.

9.4.6 Electron beam melting

In this rapid prototyping technique, heat generated from the electron beam
has been utilized to solidify the selective areas of the powder bed where it is
desired to create 3D parts. This process fabricates parts using an electron

Figure 9.6 Extrusion based FDM Technology.
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beam instead of a laser source (Sawhney and Jose, 2018). Here electron
beam is utilized to build 3D elements in a vacuum. This is used for metal
parts. The raw material may be metal powder or wire. The construction
material is initially pre-heated to an ideal temperature utilizing the first pass
of the electron beam in printing 3D components. The object layer’s pattern
is melted with the second pass of the electrical beam. Now, all electron
beam passes are used to soften the material present in bulk inside the
outline (Raza and Singh, 2020). Figure 9.7 depicts the primary procedure.

This method of manufactured parts has high density and good mechan-
ical properties. The materials used are titanium (Ti) and some of its alloys,
steel, nickel alloys, etc. This rapid prototyping technique has found enor-
mous applications in oral, maxillofacial surgery, and orthopedics, where
attention is focused on the fabrication of customized implants in porous
scaffolds form (Hung et al., 2016).
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Figure 9.7 Electron beam melting process.
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9.4.7 Laminated object manufacturing

This process was invented in 1991 by a corporation named ‘Helisys’ in
California, USA. Its principle is distinct from other techniques of 3D printing
because of its working principle of ‘Sheet Lamination.’ In this manufacturing
method, objects are built layer over layer by sticking laser sheets of material
together; a schematic for this technique is shown in Figure 9.8. These ma-
terials can be paper, metal foil, or plastic. Unlike previous printing tech-
niques, it doesn’t work on a powder-based mechanism, and therefore it
doesn’t require any support structure (Gurrala and Regalla, 2017).

9.4.8 3D Inkjet bioprinting

Direct inkjet printing (DIP) technology originated at the Massachusetts
Institute of Technology (MIT), gaining popularity due to its fabricating of
dense structures with intricate designs. The key distinction between inkjet
printing and other rapid prototyping methods is that inkjet printing can make
thick structures, while all other rapid prototyping processes can only produce
porous structures. To accomplish solidification, a coating of powder is evenly
applied to the storage and mixed with drops of binding material printed into
the surface. In this work, Ebert et al. use the DLP approach to create zirconia
prostheses for dental implants (Sheela et al., 2021). The process is generally
more proficient with the most minor material consumption. Heat or transient
pressure is used to generate ink droplets, allowing ink to flow out of the
nozzle and onto the surfaces. Heat causes non-uniform and insufficiently
mixed droplets, resulting in rough surfaces, whereas directional printing with
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Figure 9.8 lllustration of the laminated object manufacturing process.
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the uniform size is achieved by the latter. The method has found widespread
use in the fabrication of porous calcium phosphate (CPP) frameworks for
biomedical applications. The University of Sheffield implements the tech-
nique for producing colored soft-tissue prostheses. Although, this rapid
prototyping technique is not used in dental practices due to certain limita-
tions. One of this technique’s drawbacks lies in the toxic nature of polymer
glues, which restricts the parts fabricated by this technique for use in bio-
logical applications. The heating/pressure 3D inkjet is depicted in Figure 9.9.

9.5 REQUIREMENTS AND APPLICATIONS OF 3D PRINTING
IN DENTISTRY

3D printing has arrived in dentistry, intending to bring aesthetic dentistry
accessible to the hands of all practitioners and provide comfort, function,
and speech to the patients (Jain et al., 2018). The technology aims to bring
restorative processes functional and artistic control into the chairside setting.
Almost every aspect of dentistry, such as dental prosthesis, surgical templates,
occlusal splints, aligners, metal frameworks, provisional or permanent res-
torations, and removable dentures, are covered by 3D printing. Vital appli-
cations of AM in dentistry are illustrated in Figure 9.10.

9.5.1 3D printing in prosthodontics

Three-dimensional printing plays a vital role in both fixed and removable
prosthodontic applications. Provisional and permanent indirect restorations,
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Figure 9.10 3D printing applications in dentistry.

including crowns, bridges, and permanent monobloc direct restorations, can
be easily customized and fabricated. In the case of removable prostho-
dontics like, digital occlusal designs are delivered quickly. Customized
trays can be manufactured by computerized scan models or impressions
(Zaharia etal., 2017). Provisional crowns and bridges fabricated with resin
3D printing exhibit considerably greater accuracy enhanced mechanical
properties and marginal fit as compared to traditional techniques (Ishida
and Miyasaka, 2016).

9.5.2 Crowns and bridges

In prosthodontics, lost wax crowns and bridges are often employed.
Conventional methods used to manufacture crowns and bridges are com-
paratively more inclined to human error and require extensive labor. In his
study, Mai et al. (2017) found that additive manufacturing and milling
processes show better and more accurate marginal fits than manual
methods. Three-dimensional printed crowns have a nearly perfect occlusal
fit and the fewest possible discrepancies (Mai et al., 2017). When all entire
line designs were manufactured via 3D printing, there were less marginal
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gaps (Alharbi et al., 2018). Several other studies also concluded that crowns
fabricated by 3D printing exhibit significant marginal fit (Yildirim, 2020).
Prechtel et al. (2020) evaluated the mechanical qualities of items produced
utilizing different prototype approaches in their study (Papadiochou and
Pissiotis, 2018). The research looked at the fracture stress of 3D printed
components created using PEEK material versus traditional techniques,
composite restorations, and a variety of other parameters. The study’s find-
ings demonstrated that 3D printed patterns stayed unchanged even after
fracture force testing, resulting in higher success rates than conventional
direct restorations (Prechtel et al., 2020). A wide range of materials with
various mechanical properties can be used for crown fabrication, including
ceramics (alumina, zirconia), metals, polymers, etc. are used due to their
greater bond strength, invariable mechanical properties process used for
fabricating zirconia implants demonstrates considerable dimensional accu-
racy (Osman et al., 2017). According to an in-vitro research, 3D printed
zirconia crowns have the same trueness as automated CAD/CAM crowns,
demonstrating zirconia’s value as a dental material for prosthodontic appli-
cations (Wang et al., 2019).

9.5.3 Denture

There is a substantial growth in implementing digital manufacturing in
prosthodontic applications, such as the fabrication of partial and complete
dentures (McLaughlin et al., 2019). Due to a diverse range of CAD/CAM
processes, the method for manufacturing dentures can vary accordingly and
leads to considerably reduced chair time for patients (Saponaro et al.,
2016). Digital dentistry is capable of electronic data storage that empowers
dental technicians to fabricate multiple dentures in short time duration and
superior quality (Kalberer et al., 2019). The digital workflow method starts
with digital impressions, which may be done immediately with an intraoral
scanner or with extra-oral scanning of models created from the impressions
(Papaspyridakos et al., 2016). The typical approach for taking impres-
sions involves the use of alginate impression materials, which may cause
choking, mucosal irritation, and discomfort for the patient. Digital
impressions, on the other hand, need less time to complete and have less flaws
(Wilk, 2015). For denture design, a digital file such as Standard Tessellation
Language (STL) may be submitted to CAD software (Clark et al., 2019).
However, limitations for intraoral scanning lies in obstacle in the acquisition
of clear scan due to the presence of various fluids in the mouth (Wilk, 2015).
The capacity of intraoral scanners to reproduce edentulous arches was
examined in the research. The findings show that matching digital impres-
sions are feasible; nevertheless, the scanners’ accuracy varies greatly (Patzelt
et al., 2013).

In a few cases, a well-designed removable partial denture (RPD) used to
restore the lost tooth is the only solution, like in the occurrence of long
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edentulous spans, lost residual ridges, or unavailability of posterior
abutments (Hu et al., 2019; Bajunaid et al., 2019). A 2017 article dem-
onstrates how 3D printing may be used to create a pure titanium metal
construction for a detachable partial denture of the maxillary arch (Hu
et al., 2019). For constructing detachable partial dentures with a distal
extension, Wu et al. (2020) discussed the utilization of several fast-
prototyping techniques. The stereolithography technique is used to fab-
ricate customized trays for the patients, while the SLM method is used for
printing metal frameworks (Wu et al., 2020). Several in-vitro studies
demonstrate SLM parts’ identical fit accuracy compared to the lost wax
technique (Hu et al., 2019; Negm et al., 2019). Moreover, parts manu-
factured by SLM represent a better fit than the conventional milling
method (Presotto et al., 2019).

9.5.4 3D printing in endodontic

The pioneered 3D printing has revolutionized the design possibilities for
constructing novel restorations, surgical templates, and dental models,
wildly flourishing the success rate of traditional surgeries (Ahn et al., 2018).
However, the scope of 3D printing in endodontics is not vastly explored,
and various clinical studies determine the improvements brought by 3D
printing in guided access, auto transplantation, endodontics, and standard
dental educational practices (Anderson et al., 2018b).

One of the important uses of rapid prototyping in the restoration of
dental and craniofacial tissues is the fabrication of complex 3D structures
to replicate a functional extracellular matrix. The requirements for regen-
erative construction are available, but biomanufacturing techniques are
confined (Giacomino et al., 2018). Pulp extracted bleeding is mixed with
the body’s clots for root canal treatment, which controls remodeling after a
process. Although, promising results are obtained in techniques using
bioinspiration methods such as novel bioinks (Athirasala et al., 2018).
Several research has proposed that innovative bioinks might be used as a
matrix structure that matches their natural constitution. For example,
Athirasala et al. demonstrated the development of Alg-Dent, a new bioink,
using printable alginate hydrogels, which are then blended with various
dentin matrix concentrations. The study revealed that insoluble dentin
matrix and generally high levels of alginate are ideal for cell viability.

Moreover, odontogenic differentiation potential is significantly improved
with the high concentration of soluble dentin matrix, acting as an ideal
biomaterial in regenerative dentistry (Athirasala et al., 2018). Three-
dimensional printed resins are widely used in root canal filling treatments,
including the filling of imitating C-shaped channels (Gok et al., 2017). The
practical implementation of rapid prototyping in endodontics can ulti-
mately improve the results of root canal treatments and endodontic mi-
crosurgeries in patients.
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9.5.5 3D printing in oral and maxillofacial surgery

The application of 3D printing in Oral and Maxillofacial Surgery (OMEFS)
clinical applications has been embraced over the few years due to wide-
spread technology and openness to economical 3D printers (Louvrier et al.,
2017; Khorsandi et al., 2021). Oral surgeons use 3D printing and virtual
planning to treat patients effectively. In their study, Jacobs and Lin (2017)
classified the four effective uses of 3D printing during craniomaxillofacial
operations as contour models (Type I), surgery guides (Type II), splints
(Type III), and implants (Type IV) (Jacobs and Lin, 2017). Fabrication of
contour models, also referred as positive space models, are primarily used as
they directly print the object depending upon the external anatomy of the
patient. Models can be easily fabricated using in-house, low-cost, economical
3D printers, resulting in timesaving in alarming situations like fractures
(Lin and Yarholar, 2020). In cases where autologous bone grafts are the sole
option for replacing damaged structures, the technology also helps with
reconstruction plates and surgical guides (Largo and Garvey, 2018). Splints for
orthognathic rectification, including jaw sequences and occlusions, are clas-
sified as Type III. Type IV categories consisting of implants are generally less
developed than the 3D printed parts because of higher demands during the
fabrication. Such implants are precise from a functional, structural, and bio-
logical point of view. They are utilized for jaw reconstruction and cranial
repairs to provide necessary support and shape.

9.5.6 3D Printing in dental implants

Dental implantation is the preferred solution for patients suffering from
tooth loss (Bollman et al., 2020). Dental implants are generally positioned
in the jawbone with the help of a surgical procedure and will anchor
themselves through osseointegration (Alghamdi, 2018). It is the method by
which opposition of bone takes place among the interface of bone-implant
(Altay et al., 2018). Metallic implants are generally used on a larger scale in
dentistry as a substitute for lost teeth, giving rise to rapid prototyping.

Rapid prototyping allows for the manufacturing of accurate and
economic implants used in dental applications (Dalal et al., 2020). The
procedure starts with creating a 3D CAD model, which is then split into
cross-sectional components and transmitted to a 3D printer, which fabri-
cates the part in layers (Nesic et al., 2020). It helps manufacture dental
implants with intricate geometry, surgical template, and drill guides. Rapid
prototyping’s capacity to print bone tissues allows it to be used as a bio-
mimetic substrate inside the mouth to promote bone cell proliferation, dif-
ferentiation, and growth (Heo et al., 2017). Moreover, priorly fabricated
surgical guides for dental implants can help locate or verify the appropriate
location (Gittelson, 2008). A brief overview of various materials used in
dental implants is discussed in Table 9.1.
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Table 9.1 Brief overview of 3D printed dental implant materials

S. No. Materials Literature studies

| Plastic (Kalman, 2018)

2 Zirconia (Osman et al., 2017)

3 Titanium Tedesco et al., 2017

4 Acrylate (Bianchi et al., 2020; Mangano et al., 2020)
5 Poly-ether-ether-ketone (Yang et al.,, 2019; Han et al., 2019)

6 PEEK blended Magnesium Phosphate (Ferreira et al., 2020; Sikder et al., 2020)
7 Cobalt-Chromium Alloy (Hong et al., 2020; Bae et al., 2020)

9.6 CURRENT ISSUES AND FUTURE PROSPECTS

Additive manufacturing techniques are gaining an edge in various aspects of
dental practices and differ vastly from subtractive manufacturing tech-
niques. The technology is comparatively more accurate, produces negligible
waste, and can process different materials, including ceramics, metals, and
plastics applicable in dentistry (Kessler et al., 2020b). Although 3D printing
is fundamentally changing the dynamics of dentistry by promoting an en-
tirely digitized clinical workflow, it still has a long way to go. For consid-
eration, CT scans incorporated with 3D printing for surgical operations
lead to the fabrication of surgical guides. Still, their use is restricted due to
the inability of certain materials lacking sterilization (Dawood et al., 2015).
Moreover, accuracy is significantly affected by the acquisition of data by
the intra-oral scanners, which are generally less accurate during scanning
irregular surfaces or full arch scans (Abduo and Elseyoufi, 2018). Intraoral
scanner dental practices are continuously transitioning to digital manu-
facturing due to expanding demographics and the simple availability of 3d
printers, resulting in effective patient diagnosis and treatment with reduced
chair time. The transfer of technology also reduces storage requirements.
Three-dimensional printing also gives rise to ethical issues, including data
protection, privacy, and confidentiality, primarily because data digitization
can make it easily accessible for research considerations (Favaretto et al.,
2020). Moving forward, this transformative rapid prototyping process
needs to conquer the dental industry’s skepticism regarding novel printable
materials such as permanent restorations and printed dentures.

9.7 CONCLUSION

When incorporated with computerized CAD/CAM and CBCT, rapid pro-
totyping leads to a significant shift to digitized dentistry, which is revolu-
tionizing the dental profession. A dentist’s main task is moving to a digital
workflow and consolidating these explosive techniques into regular practice.
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It enables the dentist to stay updated with modern techniques resulting in
cost-effective, less invasive patient treatment. Modern-day 3D printers are
proficient in tackling the massive demand for dental restorations with neg-
ligible waste and help achieve adequate clinical excellence. Precise scanning
of patients with intraoral scanning empowers the capability to print cus-
tomized models with higher accuracy levels. Although there is a growing
acceptance of this transformative technology, new standards using the
equipment must be established, keeping in mind the patient’s health, care,
and safety. Rapid prototyping, a new technology, follows a learning curve;
dental professionals are advised to begin with simple processes and tackle the
complex procedure after gaining exposure and experience.
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10.1 INTRODUCTION

The popularity of three-dimensional (3D) printing technology, also known
as additive manufacturing technology, is accelerating. Not only is rapid
prototyping a significant component of the mainstream adoption of addi-
tive manufacturing technology, but also is the rising emphasis on improving
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printing quality and generating higher-resolution products with compli-
cated geometry. Fused deposition modeling (FDM), one of the 3D printing
processes, was primarily utilized mostly for rapid tooling and prototyping,
allowing engineers to enhance the design of basic tools and prototypes.
Additive manufacturing technology is comprehensive enough to allow
professionals in a variety of industries to build customized products in
complicated geometries. Since the production of dental braces requires
precise and complicated structures, this trend has resulted in growing of
research on additive manufacturing applications in the dental industry.
Dentists may use this technology to build customized transparent plastic
braces to replace conventional metal braces for orthodontic correction in a
short period of time by combining digital scanning and 3D printing tech-
niques. Aside from the issue of “visible” stainless steel in the mouth, metal
braces are not removable and cause food limitations, raising questions
about their use. As a result, there is a need to develop a comprehensive
solution for replacing conventional metal braces with translucent plastic
braces for orthodontic correction. Because FDM is no longer suitable for
building complicated plastic objects, a practical 3D printing approach for
building high-precision products is required. Digital light processing (DLP)
is a new additive manufacturing technology that is being utilized to create
smaller, more detailed items. The study’s objectives are to (1) examine 3D
scanning technologies; (2) identify the critical process parameters for fab-
ricating transparent plastic braces utilizing Digital light processing (DLP)
technology; and (3) identify plastic brace materials with sufficient resilience
for orthodontic correction.

With the aims of enhancing dental health, a French dentist Pierre
Fauchard established the first traditional metal brace in 1728. Metal brace
wires do have quite a lot of restrictions, though. The mouth may become
pole and irritated. Additionally, it is necessary to have brushing and
flossing. As such, patients with metal braces are subject to numerous food
restrictions. Regarding the time of treatment. treatment with a metal brace
takes between two and five years. As a result, the invention of invisible
dental braces were established.

The invisible dental brace is plastic and translucent. In comparison to a
conventional metal brace, it is softer and more pleasant. Patients may eat
whatever they want while using invisible braces since they can be removed
for simple cleaning. An invisible brace, however, takes four to five weeks to
process. The patient must visit dentist to develop a treatment plan before
starting to scan their teeth and customize the mold. The scanned file is
submitted to the manufacturers to be developed into a set of dental braces
when the dentist accepts the treatment plan. The finalized brace is returned
to the dentist. The use of one-stop production can enhance the manu-
facturing of invisible braces. The development of the braces within the
dentist office allows for one-stop manufacture, which saves both time and
money. Eliminating the need for manufacturers reduces freight and labor
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costs. The processing period can also be shortened to two days. Using
digital light processing (DLP), it is possible to print intricate 3-D forms. It is
a reasonably inexpensive method that dentist might use to produce the
invisible braces for their patients.

10.2 LITERATURE REVIEW

10.2.1 The history of orthodontic aligner

The first tooth aligner was invented by an American orthodontist Harold
Kesling in 1946; it was used for orthodontic treatment and was constructed
by polymer. By constructing the cast model, he discovered that sizable
motions could be accomplished. The tooth aligner was then constructed
based on the position of teeth. Kesling stated that although the tooth aligner
may provide alignment, the current treatment does not appear to be feasible
in daily life. As a result, since 1946, the clear aligner has continued to be
improved. In 1964, Dr. Herny Nahoum then began to extend Kesling’s
concept and developed the vacuum-based forming the dental aligner by uti-
lizing the thermoplastic sheet.

An Essix aligner system was constructed by American orthodontist John J.
Sheridan in 1993 and gained popularity in North America. Then he creates a
number of thermoplastic overlays for use in orthodontic devices. Afterward,
two MBA students established a business proposal for what would eventually
become Invisalign in 1997. Clinical validation was developed by Sheridan
and the aligner technology was developed and popular. Dental aligners have
been utilized by more than two million patients globally. With the ad-
vancements in software and materials, there are several sophisticated man-
ufacturing processes now available.

10.2.2 Additive manufacturing technologies

The technology of DLP projects the illuminations in form of a single image in
each layer on the printing platform. Each layer is made up of tiny rectangular
squares known as pixels since the projected picture is a digital screen and each
layer’s image is composed of square pixels (Lombardo et al., 2017). The 3D
model file is imported to the 3D printer and the printing process is launched.

Reddy claims that given safelight circumstances, a DLP projector trans-
fers the image of a 3D model onto a vat of resin (Van Noort, 2012). The
construction stage moves down as more resin is exposed to the light and
hardens owing to the light sensitivity of the exposed resin. Layer by layer,
the procedure is continued until the 3D model is finished. Reddy claims that
the model solidifies after the resin vat is drained (Van Noort, 2012). High
precision is used in the printing process.
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10.2.3 Additive manufacturing process

In 2015, the British Dental Journal reported that the 3D printing process had
five phases (Dawood et al., 2015). The first step is to develop a digital or
physical 3D dental mold of the patient, which the oral scanner can perform.
The 3D model’s development and preparation of its essential support struc-
ture using CAD software comes next. The model is then printed using a 3D
printer. Post-processing, which includes removing the supporting materials,
is the final phase. The dental mold is printed out utilizing additive manu-
facturing technology before the fabrication by vacuum thermoforming
(Kruth et al., 2005).

10.2.4 Thermoforming process

Thermoforming process is used in the final process of dental brace pro-
duction. A vacuum thermoformer equipment will be used for invisible brace
formation which will heat up the plastic sheet and fabricate the dental
brace. Below is the procedure for vacuum fabrication process.

. Heat up the thermoformer under vacuum.

. Insert the plastic sheet into the thermoformer’s sheet retaining device.

. Set the polymer mold on the apparatus’s base plate.

. To heat the plastic sheet, move the heating element over it.

. Remove the heating element from the plastic sheet once it has warmed
up and sagged.

. Switch on the thermoformer’s vacuum system, then forcefully lower
the holding fixture for the sheet over the model.

g. To ensure a good vacuum, make sure the holding fixture is completely

in touch with the model.
h. Take the thermoformed model out of the machinery and finish trimming
and polishing.

o o0 T

-+

10.2.5 Pros and cons of digital light processing

The exceptional laying precision of the DLP process is one of its benefits.
A pair of plastic braces may be placed into the patient’s teeth since the
mold created by the DLP approach will be accurate to the condition of a
human’s oral cavity. Additionally, the mold with a smooth printing sur-
face produced using the DLP technology may assist us in creating a plastic
brace with a high level of finish, which will affect the brace’s functionality
(Wu et al., 2017). The production cost will also be influenced and affected
by the low cost of DLP printers. However, the printing substance is a
unique resin that is light-sensitive. The high material cost may contribute
ina rise in treatment costs.
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10.2.6 Finishing of plastic aligner

Prior to application, the brace’s edge and surface should be smoothed to
lower the chance of a sharp cut and improve comfort. The dental brace
trimming and finishing processes and methods were offered by Zendura
Dental (2019). The method it suggests is listed below.

a.

b.

10.3

Using cutters or trimmers to remove extra brace material from the
dental mold.

Take the brace out of the mold. Insert a little straight screwdriver
where indicated and flip the upside-down brace that was created using
the dental mold. To get the brace out of the mold, gently twist the
screwdriver. More deeply insert the tip of the screwdriver into the gap
between the produced sheet and the model. The brace is taken apart.

. Once more, trim the brace’s edge-to-edge extra material. Cut between

1.0 and 1.2 cm beneath the gingiva line.

. Smoothen the cut edges of the brace with polish. Establish a medium

grit by combining a coarse grit with a rotary tool and polishing wheel.

. Using water to rinse the brace.

METHODOLOGY

10.3.1 Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) test is conducted to deter-
mine the composed material of thermoplastic sheets. We will use two dif-
ferent thermoplastic sheets; one is a soft sheet while the other one is a splint
sheet. Two samples of each thermoplastic sheets will be tested. Below shows
the workflow (Figure 10.1) of FTIR test.

Sample
preparation: 0 ft f Software
en software o e
Cut thermoplastic FI?FIR inspection preparation:

sheets into small

Scan background
pieces

Start inspection

Place sample on
platform and fix it
by diamond
inspector

Clean sample
platform by
Kimwipe paper

Figure 10.1 FTIR measurement workflow.
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The composition of thermoplastic sheets is determined using Fourier-
transform infrared spectroscopy. Two types of thermoplastic sheets were
evaluated, one of which is soft and the other of which is splint. The FTIR
test procedure is illustrated in Figure 10.1.

10.3.2 Hardness test

Two different types of thermoplastic sheets with a thickness of 1.0 mm
were tested for hardness using the Shore D hardness scale. The test spec-
imen must meet the requirements of ASTM D2240. Thickness requirement
of test samples should be 6.0 mm. The thermoplastic sheets are divided into
six pieces and placed on top of one another to achieve the desired thickness
of 6.0 mm. During the hardness measurement, hardness value on a scale of
0 to 100 used to assess hardness.

10.3.3 Dimension and profile measurement

As illustrated in Figure 10.2, two horizontal distances between the second
molars—tooth 17 to tooth 27 in the upper jaw and tooth 47 to tooth 37 in
the lower jaw—were measured. This is to determine the accuracy of the size
of actual mode in relation to the scanning profile.

Three times of printing are made throughout the printing process.
Both the top jaw and lower jaw are printed individually for the first and
second printings. Daylight Hard Resin is used. For the third printing,
both the upper and lower jaws are produced simultaneously and
Daylight Firm Resin was utilized. The printing process took around
seven hours. All three prints have the same layer height of 50 microns.
Table 10.1 illustrate the dimension measurement of upper jaw and lower
jaw for the following three: (1) brace; (2) printed mold; and (3) scanning
software.

The procedure of vacuum thermoforming is then used to develop a set of
dental braces by using both soft and splint sheets. Following vacuum
forming, excessive thermoplastic sheet residues was cut out and removed
using a trimming procedure. The production procedure for dental braces is
seen in Figure 10.3.

10.4 RESULTS

10.4.1 FTIR

The material qualities of the sheets utilized for the soft and splint samples
are verified using FTIR. Ethylene terephthalate makes up the majority of the
sample sheets’ components (Figures 10.4-10.7).
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Figure 10.2 Dimension measurement on dental brace.

10.4.2 Thermoforming

It is noted that the performance of thermoplastic sheets used to make
dental braces varies. Since it adhered to the dental mold, a pair of dental
braces made from soft sheet is difficult to remove. On the other hand, a
different set of dental braces made from splint sheet does not adhere to
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Table 10.] Dimension measurement of upper and lower jaw

Distance (mm)

Difference|(mm)

Upper Jaw
Brace (splint)

Printed mold

Scanning software

Lower Jaw
Brace (splint)

Printed mold

Scanning software

62.14

61.268

61.252

57.1

56.936

56.976

0.872
(with printed mold)

0.016
(with software)

N/A

0.164
(with printed mold)

0.04
(with software)

N/A

Printed mold = Vacuum forming machine

=

>

(=

T o
=
.

2

Figure 10.3 Manufacturing process of the invisible dental brace.

Vr-*".r 254

B2 B oyl

«3

Splint Sheet #1

Figure 10.4 FTIR results for soft and splint sheets.

Plastic dental brace is formed!

|



Dental Brace Development Using DLP 3D Printing 181

Splint Sheet #2

1551.821, 1.1147)
|

Soft sheet #1

1482.770, -0.0032

l

Figure 10.6 FTIR results for soft and splint sheets.

the dental mold but requires a longer heating period to soften the ther-
moplastic sheet.

10.4.3 Hardness measurement

Al Noor& Al-Joubori (2018a,b) stated that the hardness of the aligners has
a significant impact on the elasticity. As such, the hardness of the dental
brace sheet materials was measured. The average hardness of the splint
sheet is 72 HRD, which is greater than the average hardness of the soft
sheet, which is 26 HRD, after the hardness of the two materials was
measured using a Shore D Hardness Tester Dental braces with low hardness
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Figure 10.7 FTIR results for soft and splint sheets.

with soft sheet cannot give enough force for the teeth since they must
deliver a consistent force to limit teeth from moving. As such, the soft sheet
is not a suitable material for making dental braces due to its lack of
hardness in comparison to the hardness of orthodontic aligner materials
currently on the market.

10.4.4 Dimensional analysis

The upper jaw and lower jaw distances were measured using a Vernier
caliper. According to the aforementioned finding, there is a 0.164 mm
discrepancy between the lower jaw mold and the lower dental brace, and a
0.872 mm difference between the upper jaw mold and the upper dental
brace (Table 10.1). The top jaw’s discrepancy is 0.016 mm and the lower
jaw’s is 0.04 mm when comparing the printed mold’s dimensions to the
scanned profile. It is noted that there is less variation between the prescribed
and actual dimensions. Thus, dental mold is proved to be feasible to be
printed by DLP in good quality, with small dimension discrepancy between
the printed mold and the scanned profile.

10.5 DISCUSSION

10.5.1 Fabrication process

The fabrication of dental braces and the material properties employed are
the two key components. In terms of the production method, DLP is used
to construct the upper and lower jaw resin teeth molds, and PET sheet
(0.1 mm soft sheet and 0.1 mm splint sheet) is utilized to construct the
dental braces. The composition of dental braces is realized using FTIR, and
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the hardness of PET sheet is studied using a hardness tester. The dimension
measurement is then analyzed to verify if there is a substantial variation
after different steps. The results indicated that PET sheet in 1.0 mm thick is
acceptable for making dental braces. To deliver high accuracy, the fol-
lowing variables need to be accurately tracked.

10.5.1.1 The scanning device’s precision and accuracy

The method that is followed will be directly impacted by the scanning
device. The mold of the dental brace and the finished product will both be
influenced by incorrect data input into the CAD software if the data from
tooth alignmentis incorrect (Venkatesh & Nandini, 2013).

10.5.1.2 DLP printer precision and accuracy

The resolution should be sufficient and accurate enough for usage because
the quality of tooth aligner is highly affected by the DLP printer resolution
(Miyazaki & Hotta, 2011).

10.5.1.3 Resin

Dental mold printing resin should be heat-resistant and should not distort
at high temperatures in order to ensure accuracy and precision of the fin-
ished tooth aligners mold must withstand high temperature throughout the
vacuum manufacturing process.

The materials used for dental braces’ should not be easily affected by heat,
therefore they should be heat resistant during the vacuum fabrication process.

10.5.2 Evaluation of 3D scanners

There are two critical methods for digitalizing dental casts or impressions:
direct digitalization using an intraoral scanner, and indirect digitalization
using a conventional type of desktop scanner. An appropriate scanner is
recommended by evaluating their processes, typical scanning times, and
accuracy. Traditional scanners would need more stages in the clinical flow
method than the intraoral scanner. For the traditional scanner, the dentist
will first take a patient’s dental imprint before sending it to the lab to con-
struct a plaster mold using the patient’s impression. Finally, the plaster mold
is scanned using the desktop scanner. Procedures for an intraoral scanner are
easier and more direct than those for a conventional scanner. The oral cavity
of patient’s teeth can be immediately scanned. Table 10.2 illustrate the
comparison on both conventional and intraoral scanning methods.

Second, a conventional scanner takes more time than an intraoral
scanner to complete a scan on average of two hours, whereas an intraoral
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Table 10.2 Comparison on both conventional and intraoral scanning methods

Type of 3D scanner Procedure (clinical flow)
Conventional scanner (Desktop/ I. Take dental impression from the patient
Lab type) 2. Make a plaster cast from the impression

3. Scan the plaster cast by desktop scanner

Intraoral scanner Scan the full-arch teeth directly from the
patient’s mouth

scanner only takes 20 minutes. The intraoral scanner saves additional
time.

Finally, desktop scanners are more accurate than intraoral scanners in
terms of precision. Wesemann, et al. (2016) come to the conclusion that
intraoral scanners are very suited for manufacturing the orthodontic
appliance in a fully digital process, but desktop scanners still deliver a
comparable outcome. On the other hand, the aforementioned assertion is
also supported by the product specifications of 3Shape, an international
company that sells dental scanners.

10.5.3 Printing resin comparison

Two distinct printing resins were employed for DLP 3D printing in the
research study—Daylight firm resin and Hard daylight resin. In the research
study, anoptimal type of resin would be determined between these two
types of resin by producing a set of dental molds. By comparing the
two types of resin. Daylight firm resin is suitable to make hard molds due to
itsless compressive ability under high force and minimum shrinking ability.
The hard mold using the Daylight firm resin will gently flex and stretch.
Because of its low elongation and high tensile strength, the hard mold can
only have slightlybending and give less deformation. The curing condition
is 30 minutes in UV light or 60 minutes under a typical 60W table lamp.
The hard mold should be maintained in dry conditions away from UV light;
it will be remained as tough, sturdy, and long lasting.

Hard daylight polymers, which have little compressive ability under
strong force, give modest shrinking, and are suitable for printing hard
mold. Under pressure, a printed item will not flex or deflect. Additionally,
they will exhibit essentially minimal elongation and strong tensile shear
characteristics. Fast exposure durations and a broad exposure latitude may
be accomplished, much like with daylight firm resin. The item can stay
strong, resilient, and long-lasting if it can be stored in dry settings away
from UV rays.

As such, a resin with a high tensile modulus and low elongation will often
be used because the dental mold cannot bend or stretch under load.
Daylight Hard resin should be the best option for printing dental molds.
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10.6 CONCLUSION

A good dental braces should be simple to take off and put on, fit your size,
be extremely rigid, and be pleasant to wear. Reliability testing and field tests
are essential for assessing the braces’ performance. It is necessary to un-
dertake further research on the mechanical and physical characteristics of
materials. The materials used to make the orthodontic aligners should be
examined for stiffness of thermoplastic sheet. Some researchers showed that
in order to achieve tooth movement, thermoplastic materials have to be able
to generate force and hold it via material deflection. The stiffness of the
material determines how much deflection occurs, therefore the elastic
modulus may be a good predictor of stiffness. The stiffness of the material
increases with increasing elastic modulus, producing sufficient force for
more accurate tooth movement. As a result, thermoplastic sheet should
undergo tensile testing in accordance with ASTM D638, and elastic mod-
ulus may be determined using the stress and strain data. Additionally, it is
important to study the thermoplastic material’s retention force throughout
a range of thicknesses. Despite the fact that there are aligner materials with
varied thicknesses on the market, our project exclusively focuses on 1.0 mm
thick aligner material. Studying retention force will help you choose a
material thickness that is appropriate. Retention and achieving desirable
tooth movement are connected. The measurement by tensile tests is to
provide vertical forces that pulled the aligner off the braces. To ensure that
the aligner material complies with ISO 20795-2, which outlines the speci-
fications for orthodontic base polymers used in active or passive ortho-
dontic equipment, a three-point bend test should be conducted. Ultimate
flexural strength and flexural modulus typically need to be at least 50 MPa
and 1500 MPa, respectively, according to the clauses 5.2.6 and 5.2.7 of ISO
20795-2. Field testing is advised in the future study. To simulatethe actual
movement and usage of tooth aligner, the field study should be considered
to verify the mouth movements such as smiling, eating, and chatting. The
wearing experience will serve as the primary data point for evaluating how
well the dental braces work. The chemical and antibacterial qualities of the
material used in orthodontic alignment should also be the subject of future
research.
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1.1 INTRODUCTION

Human survival and evolution have depended on our ability to design tools
for overcoming biological, environmental, and societal problems. However,
commercially made devices have not yet reached the level of functional
integration and intricacy that is frequently found in nature, like biological
structures. Naturally evolved constructs often possess higher geometrical
complexity, temporally and spatially varying properties, and integrated
multifunctionality (Cerkvenik et al., 2017). The combination of nanoma-
terials and additive manufacturing, more commonly referred to as “three-
dimensional printing” (3D printing), enables the fabrication of complex,
functional constructs. The 3D printing of nanomaterials provides an
opportunity for the production of multiscale architectures integrated with
functional nanoparticles. The patterning and guidance of nanomaterial
assembly during the 3D printing process can accomplish this goal (Hales
et al., 2020, Reiser et al., 2019).

This level of integration with the use of conventional production tech-
niques is difficult to be achieved without this multiscale 3D printing
approach. First, current production procedures often limit the geometric
complexity of structures. Photolithography, for example, is still unable to
produce completely freeform structures with defined voids (Madou, 2018).
Second, unlike the hierarchical assembly of a biological system, conventional
manufacturing techniques frequently require a post-fabrication assembly
procedure to add functional elements. To maintain modularity, considerable
design tradeoffs must be made to offset high tooling and production costs.
There are constraints on the degree of functional integration available with
traditional production methods. Third, customizing device properties quickly
using a typical production process is an arduous task. Modulation necessi-
tates considerable design, material, and fabrication process changes,
increasing lead time and development costs. For example, functional gradi-
ents in biological systems need the capacity to change functional character-
istics on-the-fly during construction, which is apparently difficult to be
obtained by conventional manufacturing (Zhang et al., 2018).

Incorporating nanoparticles into 3D printing methods allows for fine-
tuning of useful material qualities. Nanomaterials have dimensions in the
range of 1-100 nm. Because nanomaterials’ functional qualities rely on
their size, they can be tailored to specific applications without changing the
basic materials (Zhang et al., 2018). When the particle size is less than the
Bohr exciton radius, the size-dependent energy band gap is observed in
semiconductive nanomaterials (like core-shell semiconductor quantum
dots) (Goesmann and Feldmann, 2010). Moreover, the surface-to-volume
ratio increases when the dimensions of materials are in the nanoscale range.
As a result of this geometrical effect, some parameters including melting
point and surface reactivity can be modulated. Recent 3D printing break-
throughs have shown multiscale integration of nanomaterials to improve
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electrical, mechanical, optical, biological, thermal, and actuation properties
(Gissibl et al., 2016). Controlling the deposition of nanomaterials (through
evaporation and electrical forces) can also contribute anisotropy and het-
erogeneity to 3D printed constructions’ functional characteristics. It is
possible to freeform fabricate highly complex, heterogeneous, functional
designs using 3D printing and nanomaterials (Al-Milaji et al., 2018).

11.2 NANOFIBERS

Fiber-reinforced 3D printing that is employed to create high-performance
composites has recently been a hot study topic due to its numerous
potential uses in the aerospace, automotive, building, and naval industries
(Kabir et al., 2020b). Material extrusion-based printing, notably fused
deposition modeling (FDM), is the highly preferred technology owing to its
low cost besides ease of incorporating fiber into composite structures
(Chakraborty and Biswas, 2020). Continuous fiber reinforcement necessi-
tated two different supply systems for fiber and polymer; however, through
one extrusion process (coaxial extrusion), or a separate supply of polymer
and polymer pre-impregnated fiber employing dual nozzle systems (Kabir
et al., 2020a). The latter is more favorable due to achieving enhanced
fiber—polymer interfacial adhesion and desired fiber placing facility. On the
other hand, high fiber content is obtained by the coaxial extrusion config-
uration; however, interfacial bonding between polymer and fiber is rela-
tively poor, resulting in poor mechanical properties and thereby premature
composite failure. It is well known that the fiber content influences the
mechanical properties of composites. In order to modify mechanical char-
acteristics, increasing fiber content in the test direction improves tensile
strength (Hetrick et al., 2021). For example, the incorporation of bacterial
cellulose nanofibers (BCNFs) into silk fibroin/gelatin hydrogels was carried
out via a plotting-based 3D-printing platform to improve physical behavior
and resolution. The BCNFs had no effect on the printability of the com-
posite ink. The tensile strength of the 3D-printed scaffolds was increased
from 100 to 800 kPa by the addition of the BCNFs. Adding BCNFs to ink
improves shape fidelity and prevents collapse. Raising the BCNF concen-
tration to 0.70 wt% led to an improvement in the quality of 3D-printed
grids (Huang et al., 2019).

To achieve strong adhesion between beads and neighboring print layers
for increased structural integrity, 3D printing involves more matrix material
compared to traditional composite production technologies, including
injection molding, compression molding, as well as resin transfer molding.
Furthermore, while traditional composites can often reach 60% fiber
volume fraction, 3D-printed composites with 40% of fiber volume fraction
are rare (Chabaud et al., 2019). While several investigations reported
3D printed composites containing more than 40% fiber volume fraction,
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they failed to account for the amount of matrix in the fiber filament (also
known as composite filament), resulting in an overestimation of fiber
content. Pre-impregnated fiber filament is employed in dual nozzle printers.
A thermogravimetric analysis (TGA) of the most widely used commercial
fiber filaments showed that they contain 44% or less fiber (high strength
and high-temperature fiberglass 36%, carbon 44%, Kevlar 37%, and fi-
berglass 38%), implying that composites with 44% fiber cannot be fabri-
cated even with the maximum number of layers. In fact, there are certain
inescapable thermoplastic/polymeric layers, including a wall layer around
the composite structure, a roof layer, along with a floor layer (Al Abadi
et al., 2018, Araya-Calvo et al., 2018).

11.3 NANOPARTICLES

Metal nanoparticles are studied for their optical, electrochemical, and
thermal characteristics. Depending on the method, metal nanoparticles can
be shaped as spheres, cubes, or rods. Micro-electronics and drug delivery
are among the uses of metal nanoparticles (Azadani et al., 2021, Niazvand
et al., 2020). Metal nanoparticles have recently been used to improve sin-
tering and create new 3D printing materials. A decrement of about 900 °C
can occur in the metal nanoparticles’ melting temperature because of the
thermodynamic size effect. As an example, the melting point of bulk gold is
1063 °C can be reduced to 130 °C for a gold cluster that has a mean
diameter of 2 nm (Buffat and Borel, 1976). This allows for lower sintering
temperatures and better ultimate product quality. Crane et al. reported on
the use of metal nanoparticles for additive manufacturing (AM) in 2006.
Crane employed iron NPs in the range of 7 to 10 nm to increase the sin-
tering quality of 3D-printed steel products (3DP). The test specimens were
printed using a steel powder ranging in diameter from 63 to 90 pm and a
traditional binder. Therefore, Metal NPs can improve the sintering prop-
erties of final products by reducing distortion and shrinkage. In addition,
highly concentrated metal NP inks could be used to fabricate micro-
connectors and microelectrodes for solar cells, batteries, and microelectronics
(Crane et al., 2006).

The electrical, mechanical, and thermal properties of polymers have been
improved by adding carbon nanotubes (CNTs). They are used in field
emission devices, hydrogen storage, nerve regeneration scaffolds, and sensors
(Naseer et al., 2018). Carbon nanoparticles added to SL resins and laser
sintering (LS) materials can increase mechanical characteristics. Carbon na-
noparticles improve the final parts’ electrical conductivity. Finally, carbon
nanotube—containing tissue scaffolds improved cell proliferation rates in
culture tests (Goodridge et al., 2011).

Ceramics like SiO, and TiO, with semiconducting characteristics have
been applied in optoelectronic devices, bio-imaging, labeling, and solar
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cells. To improve the mechanical properties of printed items, ceramic
and semiconductor nanoparticles have been added to SL, LS, as well as
direct writing materials. Tissue scaffolds and biodegradable ceramic na-

nostructures are also possible to be made for bone tissue engineering (Duan
et al., 2010, Yugang et al., 2011).

11.4 NANOPLATELETS/NANOSHEETS

Graphene-reinforced nanocomposites were also produced by 3D printing
techniques for different applications. The viscosity of the liquid resin was
increased by 14% and the fracture toughness by 28 % by adding 0.5 wt% of
graphene nanoplatelets to a phenylbis (2,4,6-trimethylbenzoyl)-phosphine
oxide (Irgacure 819), PLA—polyurethane oligomer (PLA-PUA), and also
triethylene glycol dimethacrylate ink. Graphene oxide (GO) composite was
also produced by the SL technique with improved strength and ductility to
develop load-bearing scaffolds for bone regeneration (Lin et al., 2015).
Figure 11.1 shows the electrical and mechanical improvement of poly-
urethane (PU) by the addition of graphene sheets (GS) fabricated via digital
light processing (DLP) (Joo and Cho, 2020).

Another study used high-strength hydrogel scaffolds that were made of
poly(N-acryloyl glycinamide) and nanoclay. The scaffolds were 3D printed
by an extrusion-based system followed by polymerization using UV light
irradiation with the purpose of repairing tibia bone defects (Figure 11.2). It
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Figure 11.1 (a) Preparation, (b) SEM analysis, (c) electrical conductivity, and (d)
mechanical property of PU/GS composite.

(Source: Joo and Cho 2020).
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Figure 11.2 3D printed scaffolds using UV light irradiation.

was shown that the printed scaffolds’ improved mechanical characteristics
and magnesium (Mg>*) and silicon (Si**) release aided osteogenic differ-
entiation and thereby bone formation. It showed that nanotechnology is
able to control the cellular microenvironment and microstructure of 3D-
printed scaffolds, improve cell behavior, and consequently stimulate bone
formation (Zhai et al., 2017).

In order to achieve a compromise between biocompatibility and print-
ability, nanoclay was added to Gelatin methacryloyl (GeIMA). The branched
vessel and the ear were also printed using a screw-driven extrusion method
with GelMA/nanoclay ink. Introducing nanoclay increased porosity and
improved physical behavior while maintaining biocompatibility. This study
demonstrated a method for 3D printing complicated GelMA-based structures
with good shape integrity for bone regeneration (Gao et al., 2019).

11.5 NANO PATTERNING

11.5.1 Fluid shear patterning

In fluid shear patterning, shear stresses in flowing ink are used to control
anisotropic nanomaterial orientation during 3D printing. Fluid shear pat-
terning can easily be combined with extrusion-based printing approaches like
direct ink writing (DIW) to add functionality. Using a unique process called
linear harmonic oscillation (also known as chaotic printing), this approach
may be expanded to bulk resin-based 3D printing. Fluid shear patterning
is compatible with more materials than magnetic patterning, including silicone
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polymers, cellulose, hydrogels, gelatin, ceramic and metallic nanorods, as well
as biological cells. A wide range of constructs can be programmed, including
shape-changing structures with tunable electrical and optical characteristics. It
is true that 3D printing with fluid shear patterning enables seamless integration
of functional features (Yunus et al., 2016, Sydney Gladman et al., 2016).

11.5.2 Evaporative patterning

Evaporative patterning can create thin-film patterns, freestanding archi-
tectures, and high aspect-ratio structures. It is a convenient way for pro-
ducing architectures with variable functional features while no extra
transfer substrates or stamps are used. This is achievable by various control
techniques such as binary solvents producing Marangoni flow, meniscus-
guided printing, substrate alteration, 3D self-shaping templates, along with
coprinting of wetting droplets and supporting. Direct writing of a colloidal
solution allows the creation of freestanding structures by directing the
growth of colloidal structures relative to the rate of evaporation. This
patterning process is attractive for fabricating objects with tunable optical
functionality (Tan et al., 2018). Understanding soft matter physics and
multiphase dynamics, including drying of colloidal fluids and evaporation
kinetics, is required. Understanding evaporation kinetics and colloidal
drying can help control nanomaterial morphology and assembly, ultimately
leading to useful nanodevices. Current research has produced analytical
models, numerical simulations, and varied structures, but not macroscale,
defect-free structures. Defects induced by phenomena like the coffee-ring
effect and the nanomaterial assembly aggregation limit this. The resolution
of 3D printing technology also limits the ability to build hierarchical sys-
tems found in nature (Zhang et al., 2017).

11.5.3 Acoustic patterning

Acoustic field-assisted patterning may be a viable way for assembling na-
noparticles in 3D-printed structures. This method can create patterns
ranging from simple unidirectional nanomaterial alignment to sophisticated
heterogeneous patterns where particles are organized to produce micro-
structures having anisotropic functional characteristics. In 3D printing,
direct substrate vibration or acoustic tweezers produce a patterned wave-
form. To modify particle sizes in a particular pressure range, one must first
understand the complicated interactions between particles, fluid, and
acoustic energy (Greenhall et al., 2016). Due to the limited attenuation of
ultrasonic waves in fluids, ultrahigh field strengths are not required. In
addition to electrical conductivity, acoustic field-assisted patterning has
improved mechanical strength. While recent research has shown the ability
to simulate nanoparticle assembly and build functioning devices, a uniform
approach is still needed. This standard approach could help fabricate
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multifunctional devices with nanomaterial composition and variable func-
tional features (Reyes et al., 2018).

11.5.4 Electrical patterning

In electrical patterning, electric fields are used to shape extruded ink and
pattern nanoparticles. This process is utilized for producing patterned na-
nomaterials such as nanoscale droplets and fibers or align nanomaterial
reinforcement (Shin et al., 2019). To create functional structures with
controlled mechanical, electrical, and optical properties, and precise mi-
crostructures of well-aligned nanofiber grids, electrical patterning is used.
Electrohydrodynamic (EHD) printing uses the charged state of the fluid jet
for direct patterning of nanodroplets and nanofibers from a liquid medium,
which results in high-resolution, multimaterial 3D constructions. Parallel
electrode plates are also used to create horizontal electric fields across bulk
printing processes for regulating nanomaterials’ orientation. Electrical pat-
terning creates objects with highly parallel nanofiber or nanotube/nanopla-
telet alignment. Further reading on nanoscale construct manufacturing
utilizing electrical forces is recommended (Chavez et al., 2019).

11.5.5 Magnetic patterning

With magnetic patterning, one can control the alignment and distribution
of magnetic nanoparticles. In this process, anisotropic particles are aligned
with a magnetic field, allowing multiscale, heterogeneous composites to be
programmed. Biaxial alignment in 2D nanomaterials can be programmed
using high-frequency rotating magnetic fields and pinning both principal
axes in the rotation plane. Also, by making a balance between magnetic
dipole attraction and steric and electrostatic repulsion, the distance between
magnetic particles can be controlled. Additional magnetic nanomaterial
placement can create smart structures with actuation and diverse compo-
sition. Magnetic patterning can fine-tune magnetic domain orientations,
optical anisotropy, and mechanical properties, allowing for magnetically
programmable structures and greater customization of 3D-printed elec-
tronics (Yim et al., 2013, Yim and Sitti, 2012).

11.5.6 Optical patterning

To create nanoscale and hierarchical structures, optical patterning uses
photonic power to photopolymerize resin. Optical trapping, micro-
stereolithography, and two-photon polymerization are used to achieve this.
Using nanomaterials improves the spectrum of optical patterning, which
allows light-based 3D printing of structures with micro- to nano-scale
features (Li et al., 2019). Because of the precise control of photon emission,
optical trapping’s capacity to create nanostructures at the resolution of a
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single particle, and developments in multiscale production, optical pat-
terning is practiced as a promising nanofabrication technology. Laser-
printed micro-optics have low optical aberrations due to their high surface
quality. Printed metamaterials with 100 nm precision unit cells can have
tunable mechanical characteristics. However, larger print sizes, better
selection of materials, as well as higher throughput are required for ex-
panding its uses (Biickmann et al., 2012).

11.5.7 Thermal patterning

Thermal patterning employs thermal energy for regulating the processing of
heat-sensitive materials like phase shifts, and pyroelectric effects, along with
particle interactions. Thermal patterning has limitations in some applications
involving temperature-sensitive specimens, for example, cell-infused tissue
regeneration scaffolds. On the other hand, thermal patterning can be used to
effectively generate microstructures and modulate nanomaterial patterns.
Additionally, it has compatibility with an extensive range of materials and is
able to easily integrate into a variety of extrusion and bulk 3D printing
techniques (Boley et al., 2017). Figure 11.3 depicts the physical phenomena
that are used for nano-patterning.
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Figure 11.3 Physical phenomena used for nano-patterning.
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11.6 3D-PRINTED DEVICES WITH NANOMATERIALS

11.6.1 Electronic devices

Printed electronics use printing methods to build electrical circuits and
devices (Kamyshny and Magdassi, 2019). Producing electrical devices on
rigid substrates using planar technologies like photolithography or vacuum
deposition is standard practice. These procedures have two flaws; firstly,
subtractive manufacturing technologies are primarily planar making enclosed
geometries, voids, overhangs, and 3D objects difficult to fabricate (Lin et al.,
2019, Lai et al., 2019). Secondly, most traditional technologies can only
process one material per stage. This inhibits their potential to build versatile
devices. However, using 3D printing of nanomaterials enables us to cus-
tomize and produce multi-material and multi-scaled devices. Using nano-
particles in electronic printing can improve electrical conductivity and optical
characteristics. Nanomaterials’ functional qualities have been used to create
highly efficient energy storage devices including microsupercapacitors and
lithium-ion batteries, as well as flexible electronics and photonic devices
(Ferris et al., 2019).

11.6.2 Energy storage devices

Flexible and wearable devices require high-performance micro-scale energy
storage devices with high rates of charging/discharging and high energy
density (Sun et al., 2013). Batteries store energy by electrochemical reactions
between two electrodes: cathode and anode. Many nanomaterials have been
employed to fabricate electrolytes and electrodes used in energy storage
devices. Nanomaterial-based energy devices that are produced by 3D printing
such as pseudocapacitors, microsupercapacitors, and lithium-ion batteries
have recently become possible. Assembling energy storage devices could be
simplified if additive manufacturing could print different materials simulta-
neously (Torres-Canas et al., 2019). Unlike traditional subtractive processes,
3D printing technology permits the inclusion of numerous functional nano-
materials. Also, the assembly of other components with nanomaterials in an
electrochemical device could be tuned for preserving their unique qualities
like electrical conductivity and high surface area. Printing energy storage
devices made of polymer nanocomposites is possible due to the low tem-
perature required for 3D printing technologies like stereolithography.
Polymer printing in a dielectric layer is crucial for energy storage devices like
capacitors because it increases polarization (Dai et al., 2017).

11.6.3 Flexible electronics

Flexible electronics are devices that can withstand mechanical twisting and
bending while their functional features like electrical conductivity are pre-
served (Zou et al., 2018). Graphene and carbon nanotubes have been used to
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achieve this flexibility. Pressure sensors, energy harvesting devices, opto-
electronic devices, and electronic skin have all been researched in recent
decades. The creation of electrical circuits on flexible and soft substrates like
polyamides and paper is possible through 3D printing (Lu et al., 2018). Paper
can be used to make gadgets that are light, cheap, and biodegradable. Making
flexible devices from natural ingredients is another benefit of 3D printing
using nanomaterials. Three-dimensional printing’s capacity to manufacture
complicated geometries may enable textile-based electronics. Electronics
have been incorporated into textiles for wearable applications (known also as
e-textiles). E-textiles are porous, soft, breathable, and lightweight, all desir-
able qualities for a wearable device (Gongalves et al., 2018, Liao et al., 2018).

11.6.4 Photonic devices

Photonic devices also benefit from 3D printing nanomaterials. Light-
emitting diodes (LEDs) and photovoltaic and solar cells along with displays
are examples of photonic devices that produce, detect, or manipulate light.
Photonic devices often use semiconducting nanomaterials as the active
layer, such as quantum dots (QDs), perovskite crystals, and quantum dot
nanocomposites nanocomposites (Howard et al., 2019). Semiconductor
QDs, for example, have optoelectronic capabilities governed by size-
dependent quantum confinement phenomena, such as photoluminescence
emission spectra. Changing their size allows for tuning their optoelectronic
properties (Bao et al., 2015, Asadi et al., 2019).

Three-dimensional printing technology may be used to fabricate LEDs
for display applications by patterning semiconductor nanomaterials. A QD
with controllable emission wavelength, high luminescent efficiency, and
narrow emission spectrum is desirable in such applications. There is ex-
treme compatibility between QDs in colloidal solution and extrusion-based
3D printing methods. LEDs are preferred for display applications due to
their color purity and high brightness, while with traditional displays such
as monitors and smartphones, their maximum value reaches 600 cd m™2.
Achieving these features requires carefully placing semiconductor nano-
particles in a 3D-printed construct (Yang et al., 2019).

Three-dimensional printing and nanomaterials may improve solar cell
performance. Some solar cells produced by 3D printing have recently out-
performed spin-coated equivalents. Three-dimensional printing can also
modify the crystallization of perovskite layers, which is important for solar
cell lifetime and performance.

11.7 BIOMEDICAL DEVICES AND THEIR CUSTOMIZATION

Biomedical equipment is any device designed for medical use. They help
diagnose, monitor, and cure diseases, and also support important functions.
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Biomedical devices include surgical sutures, stents, and pacemakers. The
biomedical device sector is large, with a 409.5 billion USD market by 2023.
With the use of 3D printing, the invention of biomedical devices that can
address various unmet clinical requirements has been enabled (Ventola,
2014). To name a few applications, 3D printing has facilitated the devel-
opment of implants, constructs for tissue engineering, prosthetics, and
biosensors. Three-dimensional printing has dramatically increased the
potential to construct innovative biomedical equipment. Incorporating
nanoparticles into 3D printing is a promising way to modify mechanical,
biological, geometric, or response aspects of biomedical devices (Ten Kate
et al., 2017, Dekker et al., 2018, Zamani et al., 2021).

11.7.1 Mechanical properties

Tensile strength, elasticity, and stiffness are key mechanical parameters for
biomedical device developments. For example, mechanical characteristics
similar to biological tissues have long been an aim of tissue engineering
(Niinomi and Nakai, 2011). Another field has focused on designing specific
implants whose Young’s modulus is modified so that they match native
tissues’ mechanical properties. The stress shielding effect occurs when an
implant’s mechanical strength exceeds that of bone, causing bone resorp-
tion and increased fracture risk (Sezer and Eren, 2019). Implants having
mechanical qualities similar to bone are desired to address this issue;
therefore, it is required to engineer medical devices’ mechanical properties.

The mechanical properties of 3D-printed biomedical devices can be
modified by nanomaterials. Nanomaterials can also be employed to reinforce
3D-printed hydrogels. Because of their biocompatibility, hydrogels have long
been researched as tissue scaffolds. The addition of nanoparticles to 3D-printed
hydrogels increases the use of these scaffolds in biomedical implants. Three-
dimensional printing with nanomaterials also improves device flexibility. Some
devices require flexibility to be capable of functioning within the dynamic
body. Three-dimensional printing of nanomaterials helps mimic native tissue
mechanical characteristics. Using magnetic particles in 3D printing allows for
more control over mechanical properties, which is important for biomimetic
mechanical properties (Xu et al., 2019, Martin et al., 20135).

11.7.2 Geometric properties

Additive manufacturing can create novel geometries whose production
are not possible with the use of subtractive or formative manufacturing
(Lee et al., 2014). Medical devices are interested in the ability to produce
precise geometries because they can determine numerous functional as-
pects. Personalized anatomic models can also be created using computer
imaging like computerized tomography (CT) scans and 3D printing.
These models make the design of individualized medical devices possible
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and nanomaterials add to 3D printing versatility in these areas (Xu et al.,
2016). It can create new materials, personalized medicinal devices, as well
as high-resolution structures. Incorporating nanoparticles allows for a
greater selection of materials and hence more complex design. Moreover,
nanomaterial 3D printing can create customized support systems. To
ensure optimal patient healthcare, personalized devices could be used in
broader populations (Naftulin et al., 2015).

11.7.3 Biological properties

Initially, bioinert materials were used to promote biocompatibility. These
devices can induce certain biological reactions. This could be used in regen-
erative medicine. Implantable scaffolds are synthesized in order to promote
cell differentiation and proliferation while restoring tissue function (Ghosh
et al., 2018). Three-dimensional printed nanomaterials can trigger biological
processes, resemble biological tissues, and boost cell viability. For example,
3D printing with nanomaterials could produce constructs that imitate bio-
logical structures. Three-dimensional bioprinting was used to create an
artificial meniscus with seeded human adipose-derived stem cells (Narayanan
etal., 2016). The scaffold was printed in the shape of a human meniscus from
PLA nanofiber-alginate hydrogel. 3D-printed nanofibers can also be used to
create tendon and ligament tissue scaffolds. Natural healing of tendon and
ligament injuries results in scar-like tissue with poor performance. Current
synthetic or allograft implants have limited biocompatibility, longevity, and
functioning (Pajala et al., 2009).

Three-dimensional printing using nanoparticles could also be used to
fabricate microchannels that mimic vascular structures. In fact, vascular-
ization is still a major obstacle to efficient three-dimensional tissue regen-
eration. As an example, calvaria bone was made of tricalcium phosphate
(TCP) nanoparticle-doped polycaprolactone (PCL). This structure improves
vascularization after five months. Similar techniques can be used to increase
the biocompatibility of various tissue scaffolds (Kang et al., 2016). Three-
dimensional printing of nanomaterials can also limit bacterial growth on
the surfaces of printed objects, which is considered a serious risk in
implantable medical devices. It was reported that PLA/silver nanowire na-
nocomposites could render effective protection of implants against E. coli
and S. aureus bacteria. These approaches may reduce the infection risk of
medical implants by coating their surfaces with bactericidal nanocompo-
sites (Bayraktar et al., 2019).

11.7.4 Responsive properties

Four-dimensional printing that allows 3D printed materials to change shape
after manufacturing, has several potential biomedical uses. Four-dimensional-
printed materials and gadgets are responsive to particular stimuli. To give a
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3D-printed object a 4D effect, smart materials are used, which can undergo
shape change when exposed to external stimuli (Kuang et al., 2019). To
provide 4D properties, nanomaterials can be used in 3D printing. A force or
external stimuli, such as electrical actuation or optical illumination, can
cause a shape or construct change in a nanomaterial. Graphene, silica, and
carbon nanotubes can be used to render 4D effects. Polymers are smart ma-
terials for 3D-printed biological systems since they are biocompatible and
printable. During printing, a permanent structure is formed by polymer
crosslinking. After printing, the material can be shaped temporarily. After
then, it will revert to its former shape if the temperature exceeds its glass
transition temperature. With this capability, structures can move in reaction to
stimuli (Narayanan et al., 2016).

Temperature-responsive nanomaterials can give 3D-printed items 4D
characteristics. Due to the fact that mechanical characteristics are largely
dependent on material temperature, dynamic mechanical properties are
possible. For example, at higher temperatures, PNIPAM/silica nanoparticle
composites show a solid-to-rubber transition (Guo et al., 2019).

Light-responsive drug delivery systems can be manufactured by 3D printing
of nanomaterials. By photothermally heating materials, light-responsive
nanoparticles can change shape (Lin et al., 2018). Light is a desirable stimu-
lation source due to its excellent tunability and precision (Jang et al., 2020). In
this regard, polycaprolactone nanofibers coated with photothermally active
polypyrrole were electrospun and after four exposures to near-infrared light
(NIR), up to 60% of the drug was released. Furthermore, printed objects with
responsive properties can be produced by water-induced swelling. Hydrogel
composites can develop 4D architectures with the capability to twist and fold
when exposed to water (Sydney Gladman et al., 2016).

Three-dimensional magnetic nanoparticles can produce 4D characteristics.
Magnetic-responsive materials, like light-responsive materials, change tem-
perature when stimulated. The frequency change in an alternating magnetic
field around the device causes movement among the magnetic nanoparticles
leading to an increase in the temperature (Niiyama et al., 2018).

11.8 BIOELECTRONICS

Electricity in bodily function involves electrical impulses conveyed from the
brain through nerves to every organism’s component, as well as electrical
signals regulating the activity of a cell or group of cells (Ostroverkhova,
2013). Understanding how biological electricity works and how it regulates
physiological functions might help us understand how the biological system
works. Bioelectronics is the merging of electronics and biology. Luigi
Galvani pioneered the field in the 1970s by electrically actuating a frog limb
(Zhang and Lieber, 2016). Keeping electronics functioning in a complex
and dynamic biological environment is one of the fundamental issues in
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most bioelectronics (Someya et al., 2016). Traditional electronics are
particularly difficult to integrate with biological structures because of
mechanical, material, and geometrical barriers. For example, Young’s
moduli of biological organs are three to six orders of magnitude lower than
microfabricated electronics. To interface seamlessly with non-planar com-
plex, biological geometry, technologies must be similar in size to biological
cells and tissues (Kong et al., 2016).

Using 3D printing and nanomaterials, devices can be highly tuned in
terms of functional properties. For instance, multi-scale additive manu-
facturing makes it simple to print electronic elements in complex shapes
with flexible and biocompatible materials. The approach has a unique
capacity to combine biological and electronic systems. Three-dimensional
printing bioelectronic scaffolds synthesized based on nanomaterials could
help with tissue regeneration and this multi-scale method can produce
difficult-to-make nanomaterial-based lab-on-a-chip devices and biosensors
(Katz and Willner, 2004).

11.8.1 Microelectrodes

Microelectrodes are able to interact with the neurological pathways in the
body to acquire or stimulate electrical impulses. Microelectrodes must be
chemically inert and mechanically compliant in order to gain the highest
biocompatibility in a complex biological environment (Khodagholy et al.,
2011). Nanomaterial-based microelectrode arrays (MEA) are possible to be
made faster, more customized, more biocompatible, and cheaper than
standard devices. Three-dimensional printing technique can minimize MEA
production time and allows for extensive customization. Compared to a
single microelectrode, MEAs have better mass transfer, reaction times,
sensitivity, and lower limit of detection (LOD). Using silver nanoparticle ink
and polymer traces, Yang et al. created MEAs (Yang et al., 2016). Comparing
3D printing to micromachining, they found that 3D printing allows for more
precise control of trace spacing at 30 pm, 100 pm, and 180 pm. Kundu et al.
established a technique that allowed entire 8 x 8 MEAs to be constructed in
under four days (Kundu et al., 2019). The finished object is made from an
SLA-printed clear base, ink-cast silver nanoparticle, pulsed electroplating of
Pt or Au solution, and laser micromachining. The use of 3D printing pro-
cesses allows for rapid production and prototyping, allowing for faster
deployment into personalized medical devices and structures.

11.8.2 Bioelectronics scaffolds

The combination of bioregenerative scaffolds and electrical components
can revolutionize the design of biomedical devices. Electrostimulation, for
example, has been offered as a viable technique to enhance tissue regenera-
tion. Electronics embedded in biological scaffolds may augment, modulate,
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or facilitate regenerative processes. The electrical component integration with
biological constructions is attractive but has yet to be achieved because of the
mentioned constraints. The integration of electronics into complex regener-
ative systems may be improved by 3D printing of nanomaterial-based devices
(Qazi et al., 2014, Rajabi et al., 2015).

A multiscale 3D printing technique can integrate electrically conductive
devices into bioprinted constructions boosting cell adherence along with
cell proliferation over passive scaffolds. Chen et al., for example, investi-
gated the impact of aligned nanofibers by seeding mouse skeletal muscle
tissue (myoblasts) on electrospun nanofibers of poly(e-caprolactone)(PCL)
and PCL/ polyaniline (PANi) (Chen et al., 2013). In a study by Bolin et al.,
good adhesion and proliferation of neural cells were observed on conduc-
tive poly(3,4-ethylenedioxythiophene) (PEDOT)-coated electrospun nano-
fibers. Electrical stimulation increased intracellular Ca2+ signaling (Bolin
et al., 2009).

11.8.3 Biosensors

Biosensors detect the presence of a chemical and respond with an electrical
signal. Not all biosensors communicate with electrical impulses of the body;
however, biosensors and bioelectronics are treated together because of
being closely intertwined. Glucose biosensors, for example, are bioelec-
tronic due to employing electrodes to determine the number of electron
transfers during a catalyzed glucose reaction (Malhotra, 2017, Zhang and
Liu, 2016).

The addition of nanomaterials into 3D printed structures enables the
creation of customizable chemosensors by leveraging their size-dependent
functional features. It has been established that 3D-printed nanomaterial-
based sensors are capable of detecting compounds such as herbicides,
biomarkers, glucose, and bacteria (Su and Chen, 2018).

Three-dimensional printing can also exploit the chemical sensitivity and
biocompatibility of metallic nanoparticles to produce flexible electrode
arrays that can detect cancer biomarkers and antioxidants. Its accuracy and
multi-material flexibility allow complicated electrode arrays to be swiftly
built with minimum materials and tuned to the responses of sensors. Three-
dimensional printing’s quick prototyping capability optimizes biosensor
performance in a variety of assay conditions. Computer-aided design can
sort bacteria and filter complex combinations to maximize the efficacy of
the nanomaterial-based biosensor (Ko et al., 2021, Carvajal et al., 2018).

11.8.4 Lab on a chip

Microfluidic chips or miniaturized arrays and sensors, known also as bio-
chips, are examples of lab-on-a-chip research. Labs on a chip are often made
using multi-step lithographic methods. Rapid customization and improved
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cell monitoring could be enabled by 3D printing lab-on-a-chip devices. This
enables quick modification besides enhanced biocompatibility. To create a
dissolved oxygen sensor for a liver-on-a-chip, Moya et al. used inkjet
printing. For sensitive substrates, they used gold and silver nanoparticle inkjet
printing at low temperatures. The sensors were flexible, thin, and bio-
compatible, blending flawlessly with the device’s microfluidics and liver cell
culture. The microfluidic channels were not 3D printed; however, this could
allow for faster production and more flexibility (Moya et al., 2018).

Cell monitoring is improved by 3D-printed nanoparticles. The use of
nanoparticles as markers in DNA sensors, oxygen, and pH sensors, as well
as immunoassays has been reported. Trampe et al. showed one such
nanoparticle sensor by bioprinting living cells together with oxygen-sensing
nanoparticles (Trampe et al., 2018). Luminescent nanoparticles of styrene
maleic anhydride copolymer, containing O2 luminescent indicator, were
3D printed by the DIW method with mesenchymal stem cells and green
microalgae in basic scaffolds, enabling online monitoring of the cells’
metabolic activities via a simple single-lens reflex camera. Rapid customi-
zation of lab-on-a-chip devices and biosensors, combining diverse cell cul-
tures and indications into a single printed device is feasible by 3D printing
(Singh et al., 2015, Zhou et al., 2016, Park et al., 2018).

11.9 POSSIBLE PROBLEMS AND SOLUTION

Three-dimensional bioprinting is a fast-evolving process that uses biomaterial
inks and precise microstructures to control cell movement and function. Due
to the ability of this technique to precisely and reliably design and generate
unique spatial structures, it is possible to fabricate 3D complex bone con-
structs for tissue regeneration in plastic surgery, dentistry, and orthopedics
(Dhawan et al., 2019). Topological microstructures, nanocomponents of
biomaterial inks, cell sources, and bioactive factors or drugs are critical to
successfully produce bone tissues and consequently affect the shape fidelity,
multilevel architecture, mechanical properties, and biological functions of the
bone regeneration implants (Derakhshanfar et al., 2018).
Three-dimensional printing and bioprinting of bone structures have
been made possible by mixing structural features, cells, and functional
biomaterial inks. Inductive and conductive nanoparticles could also be
used to recreate differentiation microenvironments and vascular net-
works. A synergistic combination can control the destiny of stem cells or
progenitor cells in created tissues. But several critical concerns remain
unresolved. In order to 3D print bone constructs with gradient transition
structures from nano- to micro-scales, shape stability, and high mechan-
ical properties, researchers should have a better combination of the
advantages of nanotechnology and nanomaterials such as nanofibers,
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nanoparticles, nanocrystals, and nanosheets. Second, it is required to regu-
late osteogenesis and angiogenesis of the embedded stem cells or recruited
progenitor cells by nanomaterials, bioactive medicines or chemicals, and
nanotopography signals provided via the bioprinted constructions. Finally,
the gradual alteration in shape and physicochemical properties of nanoscale
materials or their in vivo degradation while implanted in the body is a crucial
issue to achieve long-term in vivo safety (Masaeli et al., 2019). There is a lack
of sufficient studies to assess the biosafety of tailored implants, particularly in
terms of nanomaterial toxicity and aggregation. In order to establish an
osteogenic microenvironment equivalent to the complicated natural bone-
related tissues, it is required to have an in-depth study of nanomaterials,
nanotechnology, and 3D printing or bioprinting (Lyons et al., 2020).

11.10 SUMMARY AND OUTLOOK

This chapter discussed the incorporation of nanostructures into 3D printing.
Adding nanomaterials can affect dimensional accuracy, lower sintering
temperatures increase thermal and electric conductivity, and enhance
mechanical properties.

Despite these early results, using nanomaterials in 3D printing poses
many obstacles. When using nanoparticles with 3D printing media, each
approach has unique constraints (aggregation within printing media, nozzle
clogging, the rough surface texture of produced items, etc.). To successfully
3D print with nanomaterials, new instruments may be required to over-
come process and material boundaries. There are considerable information
gaps regarding the use of nanomaterials in 3D printing. For example, sev-
eral nanomaterials have yet to be used in 3D printing. Also, little is known
about how nanocomposites interact with printing media. There are no
standard parameters or synthesis methods for distinct nanomaterials or
processes. These issues require substantial attention. The combination of
3D printing and nanotechnology opens up numerous new possibilities.
Nanostructures’ adjustable qualities allow us to broaden the material
properties and thereby applications of printed parts. Additionally, by
altering the nanostructure loadings during synthesis, 3D-printed nano-
composites may be able to construct things with graded material prop-
erties. Combining different nanomaterials in a single AM part would
allow us to print more sophisticated structures like fuel cells, batteries,
solar cells, and so on. Nanobiomaterials developments may enable the
printing of replacement organs and bone. These future paths may entail
new materials for existing 3D printing technologies and entirely new AM
processes. To fully utilize the promise of nanomaterials and AM, much
more research is required. Researchers have more work to do, but the
rewards might be substantial.
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12.1 INTRODUCTION

Robots may be seen in a new context as something that shares a collaborative
environment with humans for medical and assistance means. This cannot be
realized by conventional rigid robots and manufacturing (Whitesides, 2018;
Zolfagharian et al., 2020a, 2016a). This is one of the future themes, con-
centrating on factors such as robot flexibility and intelligence embodiment for
adaptive interaction, compliance, and safety recently achieved via soft
robotics. This sort of robotics relies heavily on the use of smart materials. But
to deliver proper smart functionalities of the future robots, one could opti-
mize the controlled movement and force using smart robotic materials and
four-dimensional (4D) printing.

Advancements in smart material functionality and additive manu-
facturing enable programmable modulations in size, form, and stiffness that
allow sophisticated soft robots to be actuated by external stimuli of electric,
magnetic, chemical, thermal, or photonic sources, expanding the possibil-
ities of 4D printing of soft robotics.
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Responsive materials that can change their size and/or stiffness in response
to electrical and magnetic fields are the essence of electromagnetically pow-
ered soft robots. These materials must be able to endure mechanical stress
while maintaining a low elastic modulus.

Magnetism may be used to direct the soft actuator’s translational and
rotational motion in a variety of ways. Elastomers and hydrogels are often
mixed with micro- or nano-particles (Yarali et al., 2022). In elastomeric
composites, the dispersion of local electromagnetic properties may enhance
motion control precision. Continuously distributed magnetization has been
established to form sections with arbitrary magnetic sections that may be
used to regulate motion (Zhang and Diller, 2018). These techniques can be
used to generate novel robotic materials for soft actuators using 3D
printing, origami, and kirigami (Xu et al., 2017; Kim et al., 2018).

The electromagnetic smart robotic materials suitable for 4D printing are
categorized in this chapter, from the material point of view, into magne-
torheological elastomers (MREs), magnetic-based shape memory polymers
(MSMPs), and magnetic-based hydrogels.

12.2 MAGNETORHEOLOGICAL ELASTOMERS IN ROBOTIC
4D PRINTING

A magnetic particle suspension in a viscous liquid is represented by an
MRE, which is a physical representation of an MR fluid. Seismic vibration
dampers and artificial joints are all examples of robotic applications where
MREs are often employed (Chung et al., 2021). The ordering force of
magnetostatic particle-particle interaction, in MREs, outweighs the ran-
domizing force of particle thermal motion, resulting in chain-like particle
aggregates oriented along the direction of the magnetic field. An increase in
the MR fluid’s modulus is caused by the creation of chain-like aggregates,
which stiffens the fluid.

12.2.1 Magnetic particle dispersion strategies in MREs

Optimal characteristics of magnetic elastomers and hydrogels are achieved
when the magnetic particles are evenly dispersed without aggregation.
Blending, in situ precipitation and grafting are the most popular procedures
for dispersing magnetic particles (Li et al., 2013). The blending, which is
called physical doping, involves combining magnetic particles, uncrosslinked
polymer chains, and crosslinking agents in a single container that is usually
filled with a solvent or nonpolymerizing silicone oil (Chung et al., 2021).
During the crosslinking process, the magnetic particles, which do not form
chemical connections with polymeric components, are held in place. In spite
of its simplicity, the blending process still has limitations with dispersion and
particle agglomeration control. Weak chemical bonds between the particles
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and the polymeric network make bleaching magnetic particles in swelling gels
more difficult.

Hydrogels, but not elastomers, may be suitable for using in situ precip-
itation. A precursor solution containing magnetic metals is infused into a
polymeric gel network, and then a chemical reaction is triggered to pre-
cipitate magnetic particles in the gel. The in-situ precipitation approach
produces more uniformly dispersed magnetic particles than the blending
method, making it easier to include a large number of particles. This
approach, on the other hand, is only acceptable for hydrogels that are able
to withstand alkalines (Zhao et al., 2015).

Magnetic elastomers are often made via the grafting-onto approach, in
which the magnetic particle functions as a crosslinker by possessing chemi-
cally functional groups on its surface. The magnetic composite material made
via this approach is more stable because of the covalent connection between
the particles and the polymer chains (Evans et al., 2012).

Magnetic particles may have an isotropic or anisotropic distribution.
While it is simpler to make isotropic materials, a magnetic field may be used
to linearly organize the particles while the elastomer matrix is curing. The
actuation behavior may be given directionality by such an arrangement of
magnetic particles (Chung et al., 2021). Magnetic actuation may be directed
and efficient if the magnetic particles are trapped in microsized domains
(Majidi and Wood, 2010). Only particular areas of the actuator are affected
by an applied field, due to the distribution of magnetic particles inside
predefined regions. By 3D printing patterns encased in nonmagnetic sili-
cone, the effects of design and orientation on the efficacy of vibration
damping in relation to applied magnetic field magnitude and direction were
studied (Bastola et al., 2017).

To 4D print MREs soft robots, the ferromagnetic particles are dispersed
inside silicon- or rubber-based polymers (such as PDMS) that serve as ex-
cellent electrical insulators, such as iron, cobalt, or neodymium-iron-boron
(NdFeB) (Li et al., 2020). The external magnetic field also aligns the ran-
domly oriented particles, resulting in changes in stiffness and damping
(Bastola et al., 2020) and actuations. Magnetic fields may improve the
stiffness and shear modulus of MREs based on the particle size, concentra-
tion, and magnetic properties as well as the elastomer matrix (Banerjee and
Ren, 2018; Xu et al., 2019). In the presence of a magnetic field, experiments
have shown that randomly distributed magnetic particles exhibit less stiffness
variation than anisotropic MREs (Ruddy, et al., 2012). Also, it was found
that the volume fraction of the magnetic particles could be varied to find the
optimum value for the maximum stiffness increase in soft manipulators with
the introduction of the magnetic field (Zhang et al., 2008).

Particle concentration and MREs soft robots compliance were shown to
be linearly inversely related (Fuhrer et al., 2013). Therefore, the design of
soft robotic MREs requires a trade-off between stiffness amplification and
desired conformance. Magnetic particle alignment and the degree of
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crosslinking affect the deflection and mechanical properties of MRE soft
actuators (Lee et al., 2020; Tian and Nakano, 2018). To see how well a
magnetic soft actuator held up under different magnetic fields and filler
concentrations, a gripper was developed and tested (Tian and Nakano,
2018). The results of the experiments revealed the direct relationship
between the soft gripper bending and the magnetic filler concentration up to
a certain level of the magnetic field, 80 mT. After this level, the bending of
the gripper remained quite stable. The gripping force of the magnetic soft
gripper, however, was reported to be quite low, around 0.1 N, in response
to the magnetic field of 80 mT.

To manage stress concentration and adhesion in deformed robotic
bodies, MREs have been used as sensing components in soft robotics.
Highly stretchable MREs made from a mixture of Ecoflex 00-10
(Smooth-On, PA, USA) and iron powder were integrated into a soft
pneumatic actuator as an inductive coil-based wireless sensing mechanism
to measure external loads and internal pressure in the precision of mi-
crometres’ deformation of the soft robot body (Wang et al., 2019). The
developed MREs sensor showed the capability of measurement of ac-
tuator’s deformation with no hysteresis caused by either internal pressure
or external contacts. Liquid metal-filled MRE was also developed as
a sensing module exhibiting maximum resistivity in the rest state while
it is dropping drastically under the mechanical deformations (Yun et al.,
2019).

12.2.2 Electro-magnetorheological elastomers in robotic
4D printing

In comparison to other soft robotics research, the electro-magnetorheological
elastomers (EMREs) have received significantly less attention. Composites of
metal and/or magnetic particles and elastomers having electromagnetic
properties are widely used to build soft actuators based on EMREs principles,
which respond to electrical stimulation in the presence of a magnetic field.

In research of soft robotics, a Ni nanowire/silicone nanocomposite actu-
ator with electro-magnetic properties was tested in response to the magnetic
force direction (Park et al., 2008). Increased concentrations of metal parti-
cles, according to the findings, led to greater actuation strain due to improved
electrical responsiveness (Park et al., 2008). In addition, the strain response of
EMREs soft actuators dropped with reasonable phase lag when the input
voltage frequency was increased (Park et al., 2008). The EMRE soft actuators
have demonstrated manageable hysteresis (Park et al., 2008). However, they
do not respond effectively to low voltage in high frequencies (Zhu et al.,
2019). Active vibration control of soft robots might potentially benefit from
the EMREs soft actuators. It is, however, the inherent time delays in these
systems must be addressed.
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Soft robots that use electrorheological fluids with dispersed magnetic
particles and electric and magnetic fields for actuation modulation are also
developed (Bastola et al., 2018; Sadeghi et al., 2012). MR fluid was injected
into the 3D-printed hollow struts in a field-responsive 3D-printed meta-
material architecture (Figure 12.1(a)) (Jackson et al., 2018). The product
displayed dynamically regulated movement under an applied magnetic
field. Slightly quicker soft robots, however, still face hurdles when using
low-viscosity electrorheological fluids. With EMREs in soft robotics, sedi-
mentation and homogeneous redistribution of magnetic particles are also
significant practical difficulties.
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Figure 12.1 (a) A magnetic shape-locking SMP 4D-printed with and without locking
mechanisms (left and right). (b) The soft neodymium magnet hydrogel
responsivity to the magnetic field that can be folded and twisted. (c) A
4D-printed magnetic-responsive octopus hydrogel soft robot.

Source: For (a): Reproduced with permission (Ze et al., 2020) Copyright, 2022
Wiley; for (b): Reproduced with permission (Podstawczyk et al., 2020)
Copyright 2022, Elsevier; for (c): Reproduced with permission (Chen et al.,
2019) Copyright, 2022 Wiley.
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12.3 MAGNETIC-BASED SHAPE MEMORY POLYMERS IN
ROBOTIC 4D PRINTING

There has been a recent surge in the use of SMPs in the manufacturing of
soft robotics. Heat-responsive SMPs (Bodaghi et al., 2016; Zolfagharian
et al., 2018a) have been the focus of the bulk of studies, although this is not
always ideal since it is difficult to induce locally controlled deformation via
the thermal environment. As a result, it is critical to have SMPs that are
acceptably sensitive to stimulus and have more local controllability. There
has been more recent research on the creation of magnetic-responsive SMPs
in 4D printing of soft robots (Kim et al., 2018; Shao et al., 2020).

With its capacity to regulate signal direction and strength, as well as its
simplicity in penetration into polymers, magnetic stimulation was a good
choice for polymer and hydrogel-based soft robotics (Lum et al., 2016).
Medicinal robots, such as crawling and swimming ones, have profited
from such remote and high-frequency control capabilities (Liu et al.,
2019).

In biomedical applications, such as catheters, an SMP-based magnetically
actuated variable stiffness soft robot (Liu et al., 2019) with simultaneous
magnetic actuation and photothermal heating is practical (Chautems et al.,
2017). In order to lower the modulus of SMP and enable actuation with
applied magnetic fields, photothermal heating triggered by an LED was
employed to heat the magnetic particles implanted in the material. In order
to make the magnetic SMP sheet, thermoplastic polyurethane polymers
were used. The LED and magnetic field are utilised to regulate the stiffness
of SMP. In the absence of a magnetic field, the actuator is reshaped into its
final state by simply turning the light back on.

To generate motion in polymer-based soft robots, magnetic fillers are
often patterned onto an elastomeric layer. Applying a magnetic field aligns
the fillers resulting in a variety of actuation modes, including bending and
twisting. Despite the current application of magnetic soft robots, there are
certain drawbacks to their use since the coils they use to generate external
magnetic fields are heavy and demand a lot of power, making them bur-
densome in a small area.

Since magnetic micro- and nano-particles may be used to create new types
of reconfigurable soft robots using a variety of manufacturing techniques,
including casting, electrospinning, laser cutting, and 3D printing, this has
opened the door to a new class of 4D printing magnetic-based soft robots (Liu
et al., 2019; Zhang et al., 2015; Mohr et al., 2006; Wei et al., 2017).
Polylactic acid (PLA) was 3D-printed as a magnetic responsive soft actuator
with the addition of Fe304 nanoparticles (Wei et al., 2017). The prepared ink
was UV cured after extrusion from the printer nozzle. The developed soft
robots showed a reversible remote actuation to the alternating magnetic
field. Magnetic SMP soft robots also have a locking mechanism that allows
for rapid and easy system reconfiguration (Figure 12.1(a)). To do so, two
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different types of filler particles were integrated to induce actuation and local
heating independently (Ze et al., 2020).

12.4 MAGNETIC-BASED HYDROGELS IN ROBOTIC 4D
PRINTING

Another class of soft and elastic materials is hydrogels, which are hydro-
philic polymers capable of absorbing large amounts of water. New mate-
rials for flexible polymer printing include hydrogels. Hydrogels may be used
to make soft robotics devices provided their mechanical properties allow for
actuation without rupturing the structures (Zolfagharian et al., 2016b).

One of the hydrogel’s most notable features is that it may be used in a
variety of water-based applications. Because of their high viscosity and the
range of printing methods available, hydrogels are well-suited for applica-
tion in the 4D printing of soft robotics (Shiblee et al., 2019; Zolfagharian
et al., 2018b). Hydrogels that respond to stimuli like electrical and mag-
netic stimuli are increasingly used in biomedical soft robotics because their
reversible shape-shifting may be swiftly activated. As a result of their high
water content, hydrogels are useful for a wide range of biomedical appli-
cations, including drug delivery (Dong et al., 2020; Shi et al., 2019) and
tissue engineering (Champeau et al., 2020) soft robots.

Hydrogel-based soft robots use volumetric changes in swelling and
shrinkage as their primary actuation mechanism. Multiple methods exist,
including bi-material (Zolfagharian et al., 2019) and multi-material (Zhai
et al., 2020; Zolfagharian et al., 2020b) composite, materials patterning
(Erb et al., 2013), and functionally graded crosslinks (Lin et al., 2019) to
achieve desired movements such as bending and twists. The polarity and
amplitude of the external magnetic field control the actuation direction and
bending deflection of the hydrogel in which magnetic nanoparticles
(MNPs), such as Fe,O3, Fe304, and CoFe,Oy4, are disseminated into the
precursor hydrogel (Zolfagharian et al., 2016b; Gao et al., 2016). Yet, in
order to avoid particle agglomeration, the dispersion medium for nano-
particles must be sufficiently viscous (Podstawczyk et al., 2020). Soft robots
of this sort have found use in the pharmaceutical and medication delivery
industry, where the controlled and non-invasive release of medicinal dos-
ages is possible (Figure 12.1(b)).

Microparticles of NdFeB alloy and fumed silica nanoparticles were mixed
with a silicone rubber matrix for the preparation of auxetic-type soft robotic
hydrogel. To increase the printability of the ink via shear thinning as well as
shape fidelity after extrusion the fumed silica was introduced as a rheological
modifier. The prepared elastomer matrix was magnetized under the impulse
magnetic field in the curation stage (Kim et al., 2018). This study demon-
strated the application of magnetic responsive hydrogel soft robots with fast-
moving metamaterial characteristics in pharmaceutical applications.
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Direct three-dimensional (3D) printing has lately been used to manu-
facture complex form magnetic-based robots with unique properties such as
functionally graded and variable stiffness, which can be controlled remotely
(Kim et al., 2018; Podstawczyk et al., 2020; Kim et al., 2020, 2019).

An octopus soft robot was developed by dispersing ferromagnetic Fe;O4
nanoparticles in polyacrylamide (PAAm) (Chen et al., 2019) demonstrating a
quick response to the magnetic stimulus (Figure 12.1(c)). Encapsulating Fe3O4
nanoparticles inside an alginate ionic hydrogel created a hydrogel soft actuator
that could be manufactured in 4D (McCracken etal.,2019). The new actuator
has been tested in aqueous soft robotics applications. Yet in practical appli-
cations, hydrogels’ mechanical strength is the most important consideration.
With nanocomposite inclusion, the mechanical strength of pure composites
with electrical and magnetic fields was improved (Lee et al., 2019).

A 3D printing ink was created based on a combination of alginate, me-
thylcellulose, polyacrylic acid (PAA), and Fe304 MNPs with the capability of
developing convolutional geometry while being responsive to the magnetic
field (Podstawczyk et al., 2020). The study has improved the rheological
properties of the ink for direct 3D printing. Also, it was demonstrated that the
infill pattern made via 3D printing led to a controlled bending of magnetic
responsive soft hydrogel actuators.

12.5 DISCUSSIONS OF SMART MAGNETIC-BASED ROBOTIC
MATERIALS IN 4D PRINTING

MR elastomers differ from MR liquids in that they can transform morphology
considerably in addition to their capacity to adjust viscosity (Sun et al., 2017).
A variety of novel properties, including 3D printability (Qi et al., 2019) and
lower range viscosity, anisotropy for directional actuation (Zhang et al.,
2020), surface-modified magnetic particles for improved dispersion (Zhou
etal.,2020), novel polymer matrix for reduced cytotoxicity (Cvek et al., 2020),
and fiber reinforcement of MR elastomers for matrix enhancement and
magnetic particle alignment (Shu et al., 2020) are investigated in MREs. These
materials will enable previously unimaginable material properties tailored
with additive manufacturing. Peristaltic pumps (Wu et al., 2019) and soft
grippers (Shu et al., 2020) are only some of the recent examples of MREs
(Alapan et al., 2020). All these applications will be further investigated using
4D printing of magnetic soft actuators used in soft robotics.

EMREs have been determined to be the least studied of all the electric
and magnetic-responsive polymer soft robots evaluated in this research. As
a result, further research into the uses of electrorheological fluids in soft
robotics should focus on the size, dispersion, and kind of magnetic parti-
cles, as well as the optimal viscosity.

Using MREs, small-scale soft robots made of hard magnetic particles
encapsulated in silicone were constructed to function under very low
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Reynolds circumstances (Zhang and Diller, 2018; Wu et al., 2020; Hu
et al., 2018). Untethered soft robotics have considerably profited from these
features. Various additive manufacturing, including extrusion (Kim et al.,
2018; Qi et al, 2020) and voxel-level drop-on-demand 3D printing
(Sundaram et al., 2019), were used to construct MREs soft robots.

Four-dimensional-printed magnetic-based soft robots have issues due to
their large magnetic field generator and significant energy consumption
(Table 12.1). To lower the requisite field amplitude, small magnetic soft
robots are preferable (Goudu et al., 2020). It is also critical that greater
attention be paid to developing thin membranes with a low mass density
that can deform rapidly at high speeds in these kinds of robots (Zhu et al.,
2018). A combination of different stimuli, including electrical, pneumatic,
and magnetic (Cao et al., 2019; Liu et al., 2017) response principles have
been used to produce modern soft robots. As a consequence of the repulsive
magnetic field, the soft robots have shown a significantly enhanced output
stroke when activated at the resonance frequency.

When compared to MREs, magnetic SMP soft robots provide greater design
freedom since they can be tuned for different glass transition temperature (T)
values and conductive particle concentrations. Despite this, the locking
mechanism of magnetic SMP soft robots is still sluggish. Developing autono-
mously navigating soft robots constructed of magnetic SMPs might be a
promising new research area in the future (Jietal., 2019; El-Atab et al., 2020).

Further research on hydrogel soft actuators that are magnetic-based might
be the future direction in the 4D printing of soft robots. Pioneering research
on a freestanding liquid crystalline actuator manufactured from poly(acrylic
acid) blocks to stabilize the newly created Fe;O4 magnetic microparticles was
undertaken (Zhou et al., 2012). Hydro-swelling led to the formation of free-
standing liquid crystalline ferrogels because the PAA absorbed a substantial
quantity of water while the liquid crystalline domains remained dehydrated
and undamaged. In the presence of a magnetic field, the produced ferrogel
sample underwent rapid and reversible bending activation.

Hydrogel soft robots, especially in medical applications, have undergone
a huge amount of study and accomplishment owing to their bio-
compatibility, biodegradability, transparency, and compliance. When it
comes to fast and high force throughput in soft robotics, hydrogels have yet
to demonstrate their full potential. Synthesis hydrogels that can be pro-
duced via 4D printing and generate more force are projected to increase
their functioning in the present research areas.

The extrusion-based additive manufacturing of soft materials is a suitable
way to print custom hydrogels and commercial silicones. Extrusion-based
procedures enable a larger range of materials to be printed with high elon-
gation percentages and heat tolerance, unlike photopolymerization processes
and resin-based 3D printing approaches. It has been possible to produce
heterogeneous composites with property variation by extruding polymers
containing magnetically oriented additive particles (Qi et al., 2020).
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