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1 Introduction

The goal of the present work is to give an overview of some of the technicalities of insect-scale flight both in nature and in the realm of engineered flyers known as micro air vehicles (MAVs). The topic is undoubtedly vast and complex, to say the least. Keeping in mind the format of the Cambridge Elements series and the interests of our readers, we decided to investigate four topics in detail: aeroelasticity in flapping flight, stability and dynamics of flexible flapping wings, aerodynamic interactions of tandem winged systems based on dragonflies, and the implications of the geometry of flapping wing aerodynamics. First, in this section, we offer some general background related to flapping wing flight. 

1.1 Evolution and Variations of Flapping Flight in Nature

The history of flight started 400 million years ago with insects as the first species to develop wings to fly, at about the same time the first plant species extended their branches further towards the sky to form trees and forests (Misof et al. 

2014). Due to the lack of informative fossil records, it is unclear how insect wings evolved. Two alternative theories suggest that the wings evolved either from gills of juvenile stages of the insect (Gegenbaur et al. 1878) or from paranotal lobes (small plates on the side of the animal that is part of its exoskeleton) (Forbes 1943; Müller 1877). The next species capable of powered flight were the pterosaurs, appearing 160 million years after the insects. By their sheer size, it is debatable whether pterosaurs could take off from a stationary position. Some speculated that pterosaurs needed to launch their flight from a place of altitude such as a hilltop. They were apparently clumsy during landing as well (Habib 2013; Hone et al. 2015; Witton & Habib 2010). The first, most primitive descendants of birds, the Archaeopteryx, show features both reptilian (teeth, long separate fingers with claws, bony whip-like tail) and birdlike (feathers) and lived 160 million years ago (80 million years after the first pterosaurs (Alexander 2015; Norberg 1990). The origin of flight in birds is a much-debated topic (Alexander 2015). The fourth and the last group of animal species to develop powered flight is bats. The earliest fossil records of bats are from the Eocene (about 50 million years ago), from a species already fully capable of flying that shows little distinction from modern bats (e.g. 

Icaronycteris (Novacek 1985)). There is an almost uniform agreement amongst scientists that bats evolved from arboreal, gliding ancestors (Gunnell & 

Simmons 2012; Norberg 2002), as first proposed by Darwin (1859). 

The development of flight was made possible by specific physical adaptations, and the consequent evolutionary refinement has resulted in the rich diversity of flying species we know today. All flying species use the flapping
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of their wings to generate thrust and lift. In accordance with the physiological constraints of each species, primary flight behaviour and the scaling laws, a variety of flapping patterns (wing stroke trajectories) are observed (Alexander 2002) as illustrated in Figure 1.1. The illustrated stroke patterns are also found in hovering birds and insects adopting nearly horizontal strokes. 

Hovering birds are observed using the avian stroke (Azuma 2006; Pennycuick

2008) while insects and notably hummingbirds adapt the figure eight or double figure eight pattern (Azuma 2006; Chen et al. 2013). 

What we see as locomotion by the flapping of the wings is a complex motion involving flapping (changing of the positional or stroke angle ζ) in the stroke plane; pitching (pronation and supination) – that is the rotation of the wing parallel to the leading edge (LE) described by the angle of attack (AoA) (α) (Figure 1.2) and finally the variation of the deviation angle (χ) (the deviation of the wings from the stroke plane). Note that phi (φ) is used as the flapping positional angle in many studies. However, phi is also reserved as one of the Euler angles describing the body dynamics in standard aircraft dynamics equations of motion as well as in some notable flapping wing MAV dynamics studies (e.g. Orlowski & Girard 2012a, 2012b). Therefore we use zeta (ζ) to represent the flapping angle and uppercase zeta (Ζ) to represent the amplitude of Albatross

Pigeon

Blow fly

Locust

Bat in fast flight

Bat in slow flight

June beetle

Fruit fly

Figure 1.1 Wingtip trajectories of different flying animals. Some of these flapping patterns, like the ellipsoid avian stroke for medium-sized birds or the typical figure eight stroke for insects and hummingbirds, are also observed in hovering flight with a more horizontally inclined stroke plane. Adapted from

Alexander (2002). 
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Figure 1.2 The parameters used to describe the flapping kinematics: angle of attack (α); positional or stroke angle (ζ) and the amplitude of the complete flapping cycle (Ζ); body angle (γ) and the stroke plane angle (β)

flapping angle including both the upstrokes and downstrokes. In addition, natural flyers often set their body angle (γ) to minimize the drag force as well as change the stroke plane angle as an additional control option. The stroke plane is defined by the wing base and the wingtip of the maximum and

minimum sweep positions, and the orientation is described by the stroke plane angle (β) (Figure 1.2). 

There are more than a million flying insect species, and out of the approximately 13,000 vertebrate species, 9,000 bird species and 1,000 bat species conquered the skies (Shyy et al. 2007). The wings of these animals can take several forms with various specific features. The planform of a wing is most generally described by the aspect ratio (AR). The AR of the wings of a plane or flying animal is the ratio of its wingspan to its mean chord (or in cases when a single wing is described, the ratio of the length of the wing to its mean chord, being approximately half of the AR of an airplane or flying animal using the traditional definition). 

High-AR wings are typical for high lift generation in gliding and soaring flight of birds (Viscor & Fuster 1987). The AR of flapping wings has a major effect on flapping wing performance. Higher-AR wings can produce more lift while having a minor effect on thrust (Muniappan et al. 2005). The wandering albatross, Diomedea exulans, has high-AR (12–15) wings, which makes it the greatest soaring bird; its glide ratio (horizontal velocity/vertical velocity) can reach 21.2 at a cruising airspeed of 16.0 m/s with a sink rate of 0.755 m/s (Pennycuick 2008; Richardson 2011). Low-AR wings are often utilized by species cruising and hovering with high agility, like the hawkmoth, Agrius convolvuli (AR 2.65) (Shyy et al. 2010), the honeybee, Apis (AR 3.3) (Ellington 1984b), or the hoverfly, Episyrphus balteatus (AR 4.2) (Ellington
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1984b). Dragonflies are a notable exception as they can change the flapping phasing relationships of their high-AR wings, making it possible for them to hover with horizontal body posture and inclined out-of-phase flapping. 

Quantifying manoeuvrability, we can use the turning rate [◦/s] or the radius of curvature of an animal’s path to describe how quickly an animal turns. In hunting trials, dragonflies showed a turning rate of 914.0±325.5 ◦/s, while their prey, fruit flies, another low-AR species, exhibited a turning rate of 776.8

±560.8 ◦/s (Combes et al. 2012). The radius of curvature for dragonflies was 0.041±0.024 m, while the fruit flies followed a path with a radius of 0.120

±0.068 m (Combes et al. 2012). These numbers are already very high; nevertheless, in some cases where the fruit flies executed evasive manoeuvring, their turning rate exceeded 2000 ◦/s, allowing them to fly with a curvature as steep as 0.015 m (Combes et al. 2012). 

Ancestrally, flying insects had two pairs of wings, as seen in modern dragonflies (Fédrigo & Wray 2010). In some cases, either the forewings or the hindwings evolved to serve an alternate function, and therefore these insects fly with one pair of wings. A well-known example is the Elytra of beetles and some bug species which have hardened forewings and protective cover of the hindwings when not in flight (Fédrigo & Wray 2010). Another specialized organ evolved from ancestral hindwings such as flies(Diptera), crane flies (Tipulidae) or ancestral forewings such as stylops (Stylops melittae) are the halteres which help sense body rotation during flight (Dickinson 1999). Closely coupled forewings and hindwings in essence behave as a single pair of wings. For example, hindwing reduction and the mechanical coupling of the wings form a single aerodynamic surface in wasps (Hymenoptera), mayflies (Ephemeroptera) and several butterfly and moth (Lepidoptera) species, while in some cases, the hindwings are completely lost (Dudley 2000). Effectively forming one large aerodynamic surface by both the forewings and hindwings is advantageous for the gliding or sailing flight of migratory species such as the monarch butterfly (Danaus plexippus) or the desert locust (Schistocerca gregaria). 

Conversely, some insects – notably mantises (Mantodea), locusts(Schistocerca), stoneflies (Plecoptera), termites (Isoptera), roaches (Blattaria) and some dragonfly species – exhibit enlarged hindwing relative to the forewing (Dudley 2000; 

Wootton 1992). Depending on the flight mission and flapping characteristics, there are relative merits between having functionally one pair or two pairs of wings. Expanded hindwings can help balance the forewings and reduce rotational motion along the longitudinal axis of the wing between upstrokes and downstrokes, which is beneficial for hovering and swift mid-air manoeuvring (Dudley 2000). 

Insects having functionally two pairs of wings can utilize wing-wake interaction between the forewings and hindwings (see in Section 4) to enhance aerodynamics. 
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It was also reported that dragonflies are still able, although less swiftly, to fly and hunt with as much as 50% of their hindwing area lost (Combes et al. 2010). 

In addition to the given physical dimensions of the wings of different species, active wing morphing is applied by natural fliers within a single flapping cycle. 

The way birds, bats and insects modify the active area of their wings is fundamentally different (Alexander 2015). Birds deform and twist their wings using specif-ically evolved bones and musculature that is similar to a human arm; however, birds have more stringent muscle and bone movement during flight. Modifications of the chordwise camber and flexing the wing planform between upstroke and downstroke, twisting, area expansion and contraction and transverse bending are modified by the specialized musculature during flight (Alexander 2015; Shyy et al. 

2007; Shyy et al. 2013). Additionally, the feathers and bones of birds are combin-ations of structural features organized hierarchically from nano- to macroscale that enable a balance between lightweight and bending/torsional stiffness and strength (Sullivan et al. 2017). When birds fly, they extend their wings during downstroke and flex them backwards during upstroke to reduce drag – a flapping behaviour called ‘avian stroke’ (Azuma 2006; Pennycuick 2008). Bats apply similar strategies to birds when flying; however, bat wings are made of a thin membrane supported by the arm and finger bones and, due to the stretchiness, bat wing membranes deform marginally, reducing the span by about 20% (Hedenström & 

Johansson 2015; Shyy et al. 2016; Yu & Guan 2015). Wang et al. (2014) modelled numerically the active morphing of wings with a flapping rectangular flat-plate with a dynamically stretching and retracting wingspan (in the flapping cycle, the wingspan varied as a function of time). They found that lift enhancement was achieved by both the effect of changing the wing area and that the effect of the morphing-altered flow structures (leading-edge vortex (LEV) stretching in the upper wing surface, vortex contraction on the bottom wing surface) contributed to the vortex lift modulation. Outer wing separation is also specific to cruising birds and has been studied and found to improve the generated thrust and lift compared to a wing without separation (Mahardika et al. 2011). 

Insect wings deform significantly during flight. The observed deformations of insect wings are passive, resulting from aerodynamic and inertial effects. 

Chordwise flexibility and the associated redistribution of thrust and lift (Kang

et al. 2011; Shyy et al. 2010) as well as spanwise flexibility and effective AoA distribution due to shape variation along the wingspan (Kang et al. 2011; Kodali

et al. 2017; Shyy et al. 2010) can aid in lift generation and power reductions. 

These benefits of wing flexibility have received significant interest particularly for hovering flight. Hovering is a costly flight mode as there is no surrounding flow that can enhance lift production (Berman & Wang 2007). Adequate understanding of the interplay between the wing structure and unsteady
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aerodynamics can decipher the physical mechanism behind insect flight and further contribute to the development of bio-inspired MAVs. 

Notably, stability studies in the literature are largely based on the rigid wing framework, leading to the conclusion that the hover equilibrium condition is intrinsically unstable (Orlowski & Girard 2012a; Sun 2014; Taha et al. 2012). 

Rigid wings possess an unstable oscillatory mode mainly due to their pitch sensitivity to horizontal velocity perturbations. However, if the wing flexibility is included in the analysis, a flapping wing can experience stable hover equilib-ria (Bluman et al. 2018; Bluman & Kang 2017a). In essence, flexible wings tend to stabilize the unstable mode by passively deforming their wing shape in the presence of perturbations, generating significantly more horizontal velocity damping and pitch rate damping. These results have significant implications and suggest that weight and mechanical properties such as stiffness and geometry influence flight stability of insect-scale flapping wing robots and need to be considered systematically and carefully. 

1.2 Governing Equations and Dimensionless Parameters of

Flapping Flight

In fluid dynamics, the continuity equation (Eq. 1.1) is used to express the conservation of mass. Additionally, the Navier-Stokes equation (Eq. 1.2), is used to express the conservation of momentum and to describe the motion of the fluid in a continuum:

∂ρ þ r  ρð Þ ¼

∂

v

0

(1.1)

t





∂

ρ v þ ð

Þ

¼ r 

∂

v  r v

P þ ρf

(1.2). 

t

In these equations, ‘v’ is the velocity vector of the fluid, ‘t’ is the time, ‘ρ’ is the density of the fluid, ‘P’ is the pressure tensor and ‘f’ is the external body force such as gravity. ‘∇’ denotes the gradient operator. 

In the case of flapping wing flight, the fluid can be considered as incompressible Newtonian fluid. In this case, these equations can be simplified as: r  v ¼ 0

(1.3)





∂

ρ v þ ð

Þ

¼ r

∂

v  r v

p þ μr2v þ ρf

(1.4), 

t
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where ‘µ’ is the dynamic viscosity of the fluid and ‘p’ is the static pressure. 

When considering an experimental set-up to determine quantitative and qualitative features of the flow around flapping wings, another difficulty arises from the fact that flapping flight in nature features small sizes and high-frequency flapping kinematics that make measurement very difficult. 

Scaling the experiments to be feasible under conventional laboratory set-ups is an essential tool to the study of flapping flight. Following the concept of dimensional homogeneity, the Navier-Stokes and the continuity equation can be normalized to establish a relationship between the scaled model and the studied system. In our case, we can define a reference velocity ‘U’, reference pressure

‘p ’

0 , reference length ‘L’, a reference time or frequency ‘t = 1/f’ and a reference body force ‘g’. The non-dimensional equations (asterisks mark a non-dimensional parameter) appear as:

r  v ¼ 0

(1.5)













fL ∂v

μ

þ ðv  rÞv ¼  p0 rp þ

r2v þ gL f 

U

∂t

ρU2

ρUL

U2

(1.6). 

The four dimensionless groups from this equation are:Strouhal number

St ¼ f  L

(1.7), 

U

Euler number

Eu ¼ p0

(1.8), 

ρU2

Reynolds number

ρUL

Re ¼ μ

(1.9), 

Froude number

Fr ¼ U

pffiffiffiffiffiffi

(1.10), 

gL

In the case of flapping flight, the only body mass in the fluid is gravity that is superimposed on the hydrostatic pressure in the flow field. Accordingly, we can define a new pressure p’ = p−ρgz, where ‘z’ is the fluid column on the wing. This simplifies the dimensionless equation, as the Froude number will not be included. Under the conditions of flapping flight, when cavitation is
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not present, the Euler number has no importance. In this case, ‘p ’

0

can be

taken as ‘ρU2 ’ and the Euler number will not appear in the equations (Munson et al. 2012). After these assumptions, the equations appear in the form of:

r  v ¼ 0







ωL ∂v

μ

þ v  r

ð

Þv ¼ rp þ

r2v

(1.11). 

U

∂t

ρUL

The Strouhal number is a dimensionless parameter used to describe systems with oscillating flow. In the case of flapping wings, it is defined by the flapping frequency

‘f ’, the flapping amplitude as reference length (that is the root-to-tip wing length ‘l ’

multiplied by the stroke amplitude in radians ‘Ζ ’) and the forward flight speed ‘U∞ ’

as reference velocity – namely:

St ¼ f  l  Ζ

(1.12). 

U∞

It is the ratio of the flapping speed of the wing versus the speed of the forward flight. It represents the ratio of the flapping speed to the forward flight speed. It gives a measure of the ratio of inertial forces due to the unsteadiness of the flow (local acceleration) to the inertial forces due to changes in velocity from point to point in the flow field (convective acceleration) (Munson et al. 2012). The shedding behaviour of vortices and the vortex dynamics in the wake can also be characterized by the Strouhal number (Shyy et al. 2007; Triantafyllou et al. 2000; Wang 2000), and it offers a measure of propulsive performance (Shyy et al. 2010; Triantafyllou et al. 

2000). Natural flyers and swimming species operate in a narrow range of St between 0.2 and 0.4, resulting in high propulsive efficiency (Taylor et al. 

2003; Triantafyllou et al. 2000). In this St range, it was observed that flapping wings and airfoils leave a characteristic path of wake vortices called the reverse von Karman vortex street (Shyy et al. 2013). 

In practice, another dimensionless parameter, the reduced frequency ‘k’, is used to describe the unsteadiness in flapping flight systems. The reduced frequency compares the spatial wavelength of the flow disturbance with the chord of the wing. It also gives the ratio between the fluid convection timescale cm/U and the wing motion timescale 1/f. The reduced frequency is calculated from the angular speed of the flapping wing (2πf) multiplied by the reference length that is the mean chord length of the wing (cm) and divided by the
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reference velocity, which can be either the wingtip velocity (Eq. 1.13) or the forward flight velocity (Eq. 1.14):

πfcm

πfcm

π

k ¼

¼

¼

(1.13)

Uref

Utip

Ζ  AR

πfcm

πfcm

k ¼

¼

¼ 2πSt

(1.14), 

Uref

U∞

Ζ  AR

where AR is calculated using the wing length (AR = l2/A, where ‘A’ is the wing planform area) and ‘Ζ’ is the previously defined flapping amplitude. 

If using the tip velocity as the reference velocity (Eq. 1.13), the reduced frequency is inversely proportional to the flapping amplitude and the AR

of the wing. It is not related to the actual flapping frequency of the wing. 

Equation 1.14 gives the relationship between St and k that is AR∙Ζ/2π. 

In the case of flapping flight, the mean chord is used as the reference length, and either the freestream velocity or the wingtip velocity is used as the reference velocity. 

The chord of the wings of natural fliers varies along the length of their wing, in which case the mean chord is determined by dividing the wing planform area with the length of the wing. In the case of animals with two pairs of wings, either the forewing or the hindwing is used to determine the reference length and velocity. 

Accordingly, the Reynolds number is:

ρUref cm

Re ¼

μ

(1.15). 

Physically, the Reynolds number gives the ratio between the inertial and viscous forces. Regarding insects, Re ranges from about 10 to 1,000, while in the case of birds, it is about 1,000 to 15,000 (Park & Yoon 2008; Shyy et al. 2016; 

Shyy et al. 2007). The flapping frequency of a species normally increases as the size decreases (Azuma 2006; Shyy et al. 2013). Relationships of the Reynolds number, typical size, mass and flapping frequency (where applicable) of natural fliers and aircraft are shown in Figure 1.3. The Reynolds number and the reduced frequency directly appear in the Navier-Stokes equation, where ‘c ’

m , ‘U’ and ‘1/f ’

are used as the references:



k ∂v þ

r2

π ∂

v  r

ð

Þv ¼ rp þ

1

v

(1.16). 

t

Re

Keeping all the dimensionless parameters unchanged when scaling an experiment has some practical limitations, but in most cases, it is possible to scale up
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Figure 1.3 The relationships between the Reynolds number and the mass, the size as well as the flapping frequency

a flapping wing system that provides a higher resolution for detailed flow measurements (Cheng et al. 2014; Chowdhury et al. 2019; Maybury & Lehmann 2004; 

Park & Choi 2012; Zheng et al. 2016a). In practice, not only the physical size of the wing is enlarged, but the flapping frequency is reduced in such set-ups (Figure 1.4

shows three such set-ups). This allows the precise observation of flow dynamics in a time-resolved manner as well as direct force measurement using conventional strain gauge force/torque sensors. In a scaled-up set-up, the fluid density is increased, reducing the ratio of the inertial force in relation to the fluid dynamic forces. Additional to these parameters, the boundary conditions should be kept similar to those in the modelled system. Active or passive wing morphology is one such condition. Similarity in passive wing morphology can be ensured by providing adequate structural flexible properties to the model wing. 

A flexible wing can be modelled as a plate that twists and bends in the spanwise and chordwise directions (Shyy et al. 2010; Shyy et al. 2013). The

[image: Image 7]

Distinct Aerodynamics of Insect-Scale Flight

11

(a)

(b)

(c)

Rotary Motor

Force

Robotic

Sensor

Camera II

Wing Hinge

LEVs

Linear

Motor

Force

Phase

Mirror

Sensor Thrust

Shift

Forewing

Lift

Hindwing

Camera I

Figure 1.4 Scaled-up experimental set-ups for flow visualization and

measurement of flapping wings in water. (a) Particle image velocimetry flow measurement and shape measurement with the direct linear transformation technique, reprinted from Zheng et al. (2016a) with permission from Elsevier. 

(b) Flow visualization and particle image velocimetry flow measurement by tiny bubbles in oil (Maybury & Lehmann 2004 – reproduced with permission of the Journal of Experimental Biology). (c) Dye flow visualization in water

(Chowdhury et al. 2019). 

transverse displacement of a thin isotropic plate is described by the plate equation (Eq. 1.17):







Et3

∂4w

∂4w

∂4w

ρ t

k 2 ∂2w

w

þ

w

2

þ

w

¼ f 

e

12 1  2

ð

Þρ U2c3 ∂x4

∂x2y2

∂y4

ρ c π

∂t2

f

f

(1.17). 

‘E ’ is Young’s modulus of the wing; ‘ν’ is Poisson’s ratio of the wing; ‘ρ ’

w

and

‘ρ ’

f

represent the density of the wing and the fluid, respectively; ‘c’ is the wing chord length; ‘w’ is the transverse displacement of the flexible wing; ‘t ’

w

is the

wing thickness; ‘f ’

e is the distributed external force. The plate equation used as the

third governing equation for a flexible flapping wing system adds two additional dimensionless parameters to be considered when scaling an experiment: ρ

ρ ¼ w

ρ

(1.18)

f



ρ

2

Π ¼ t

k

w w

0

ρ

(1.19). 

c

π

f

The density ratio (Eq. 1.18) describes the ratio between the equivalent structural density and fluid density; in another form, the effective inertia (Eq. 

1.19) is the ratio of inertial to aerodynamic forces. 
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The second dimensionless parameter is the effective stiffness (Eq. 1.20). It gives the ratio between elastic bending forces and aerodynamic (or fluid dynamic) forces:

Π ¼

Et3

1

(1.20). 

12 1  2

ð

Þρf U2c3

The effective stiffness includes the material property of the wing, the density of the fluid and the geometry of the wing, as well as the velocity as a kinematic parameter; thus it provides a complete set of parameters that affect the deformation of the wing. 

Maintaining geometrical similarity is an easy task compared to the difficulty of ensuring that the dimensionless parameters remain unchanged when designing a scaled experiment. The reason is that the scaling laws for rigid and flexible flapping wings alike are often different among the involved dimensionless parameters. Table 1.1 gives a summary of these scaling laws considering both the wingtip velocity and the forward flight velocity as references. 

1.3 Unsteady Aerodynamic Mechanisms of Flapping Flight

Within the past century, the enrichment of the theoretical understanding of traditional fixed-wing aerodynamics and the continuous advancements of human aviation technologies have followed each other hand in hand. Aerodynamic characteristics of fixed wings are well understood but are not applicable to flapping flight. The traditional quasi-steady approach cannot explain how flapping insects are capable of staying aloft (Ellington 1984a). There are differences in operation, geometry and structure between the wings of an airplane and the wings of an insect taken as an example. The wing of an airplane generates lift by moving through the fluid (a motion that is generated by the thrust of the engines) at an AoA to the flow direction, deflecting the fluid downwards (Babinsky 2003). Lift is generated by turning a moving fluid, creating pressure gradients across streamlines. The lower surface of the wing pushes the fluid downwards; a force acts on the lower surface of the wing equal to the force needed to change the motion of the fluid flow below the wing. Similarly, the top surface of the wing pulls the fluid flow, which again results in a downward deflection of the flow. There is a pressure difference between the top and bottom surfaces of the airfoil that is on the complete surface of the wing, giving the lift force. The top surface of the airfoil generates typically two-thirds of the lift while the bottom surface accounts for the other third

(Babinsky 2003). If the AoA is too large, the flow separates from the upper surface of the wing, resulting in a sudden drop of lift that causes stall, a potentially catastrophic event for an aircraft. 

ttps://doi.org/10.1017/9781108874229 Published online by Cambridge University Press Table 1.1 Dimensionless parameters and their scaling dependency (Shyy et al. 2010)

Based on flapping wing velocity (Utip)

Based on flight speed (U∞)

Dimensionless parameter

Length

Frequency

Length

Frequency

Velocity

Reynolds number

c 2

m

F

cm

Independent

U∞

Reduced frequency

Independent

Independent

c

−1

m

f

U∞

Strouhal number

Independent

Independent

c

−1

m

f

U∞

Effective stiffness

c −2

−2

m

f−2

Independent

Independent

U∞

Density ratio

Independent

Independent

Independent

Independent

Independent
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A flapping wing of a natural flyer or an MAV operates differently and under different conditions to rigid wings. (i) In a low-Reynolds-number regime of about 101–104 for natural flyers versus 106–107 for commercial aircraft, viscous effects in the flow field become significant. The lift of a fixed wing reduces significantly in this regime due to laminar-turbulent boundary layer instabilities. 

(ii) Commercial aircraft often have wings of AR 4.5 and larger to maximize efficiency, provided that the structural integrity of the aircraft is not compromised. While high-AR wings provide fuel efficiency by reducing downwash created by the tip vortices (TiVs) (Munson et al. 2012), they also reduce the manoeuvrability of a plane – a trade-off well justifiable for commercial long-distance flights. Manoeuvrability is significantly more important for flying insects than for civilian aircraft. The AR of most insect wings is typically less than 5 (Shyy et al. 2013). In view of this, we may consider an insect wing AR of 1–2 as low (butterflies, moths), 2–4 (honeybee) as intermediate and higher than 4 (dragonflies, damselflies, locusts) as high-AR wings. The lower AR of natural flyers could suggest that the three-dimensional (3D) effects of the flow around flapping wings might not be a handicap but are utilized to gain useful aerodynamic force and manoeuvrability. Structural constraints and evolutionary adaptation other than to maximize aerodynamic functionality might also affect the wing form of natural flyers. (iii) The second geometrical difference between airplane wings and natural wings is their typical cross section. Aircraft wings are streamlined and thick compared to the thin, membrane-like wings of insects or the slim wings of birds and bats. A thin wing with sharp edges easily causes flow separation and sheds vortical structures. Nevertheless, it is found that a thin airfoil with sharp edges can outperform a traditional wing profile at a low Reynolds number (Lentink & Dickinson 2009). (iv) A traditional fixed wing generates lift more steadily as the wings are quasi-steady in the oncoming flow that is generated by the translational motion of the aircraft. The wings of an airplane do not generate the thrust but leverage it. On the other hand, a flapping wing undergoes a high-frequency periodic unsteady motion, rotational motions (flapping and pitching) around the axes of the wing root and a deviation longitudinal to the body of the animal. This complex motion gives place to several unsteady flow phenomena and makes the wing inherently operate under the influence of its own generated wake. (v) Inherently, wings of animals are anisotropic and flexible. Their shape might or might not be actively changed by muscles in the wing, and passively deform according to the forces acting on the wing (Kang et al. 2011; Shyy et al. 2010). These features of flapping wings create a number of unconventional methods for aerodynamic force generation via unsteady flow mechanisms such as delayed stall of the LEV, clap and fling, wake capture, rapid pitch rotation, TiV or passive shape deformation. 

[image: Image 8]
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The delayed stall associated with the LEV is a mechanism that occurs when there is a sufficiently large AoA between the incident flow and the LE of the wing. As the wing stroke progresses, the effective AoA (Figure 1.5) of a flapping wing is the angle between the wing chord line and the direction of the incident flow that is composed of two velocity components, the flight velocity of the animal and the circumferential velocity of the flapping wing. 

This effective AoA dynamically changes throughout the flapping cycle and along the span of the wing (Figure 1.5). As the wings flap faster, the ratio between the circumferential velocity and the flight velocity increases, resulting in a substantially larger AoA than in the case of a fixed-wing aircraft. 

The existence of an LEV is the most important factor that contributes to the success of flapping flight in the low-Re regime (Dickinson & Gotz 1993; 

Ellington et al. 1996; Shyy & Liu 2007). Figure 1.6 shows the streamline patterns at three Reynolds numbers: (a) corresponds to a hawkmoth hovering at Re = 6,000, (b) corresponds to a fruit fly at Re = 120, and (c) corresponds to a thrips at Re = 10. At Re = 6,000, an intense, conical LEV core is observed on the paired wings with a substantial spanwise flow at the vortex core, breaking down at approximately three-quarters of the span towards the tip. 

At Re = 120, the vortex no longer breaks down and is connected to the TiV. 

The spanwise flow at the vortex core weakens as the Reynolds number is Flapping motion
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Flight speed
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R
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Forward speed
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Flapping speed

Flapping speed

e wind
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Figure 1.5 Components of incident velocity that define the local angle of attack along the wingspan and the resulting forces. D = drag force, L = lift force, R =

resultant force. Adapted for wasp from Alexander (2002). 
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Figure 1.6 Illustrations of leading-edge vortex structures at different Reynolds numbers. The results are calculated by computational fluid dynamics (Shyy & 

Liu 2007). From left to right: hawkmoth hovering at Re = 6,000, fruit fly at Re =

120 and thrips at Re = 10. 

lowered. Further reducing the Reynolds number to Re = 10, a vortex ring connecting the LEV, the TiV and the trailing vortex is observed; the flow structure shows more of a cylindrical than a conical form. Inspecting the momentum equation, one can see that together they are likely responsible for the LEV stability. 

It is estimated that the prolonged presence of LEVon the wing can contribute to more than 40% of the total force for a small nectar-feeding bat during slow forward flight (Muijres et al. 2008), up to 65% for a hovering hawkmoth (Bomphrey 2005; Van den Berg & Ellington 1997), about 45% for a fruit fly (Dickinson et al. 1999) and 15% for a hovering hummingbird (Warrick et al. 

2005). Inherent in flapping flight, LEV stability is suggested to be achieved with the help of spanwise flow resulting from the pressure gradient and centrifugal force or the flapping motion around the wing pivot (Birch & Dickinson 2001; 

Ellington et al. 1996). They also suggested that the downwash of the TiVs can help LEV stabilization (Birch & Dickinson 2001). Others reported LEV breakdown in case of a pitching and plunging motion of the wing despite having strong spanwise flow due to wing sweeping (Beem et al. 2012). Lentink and

Dickinson (2009) have shown that for a steadily translating fruit-fly wing, downwash from the TiVs or spanwise flow solely is not enough to stabilize the LEV. On the other hand, for a continuously rotating model, the LEV can be stabilized in the case when strong Coriolis and centripetal accelerations are present. It seems that LEV stability depends on the Reynolds number, wing geometry and flexibility (Fu et al. 2014; Fu et al. 2017; Shyy & Liu 2007). 

When the wing accelerates and decelerates, the surrounding air moves

accordingly, resulting in a force that acts on the wing. This effect is generally referred to as the added mass effect, and is often modelled mathematically as

[image: Image 10]
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a time-variant increase in the inertia of the wing (Lehmann 2004; Sane 2003; 

Sane & Dickinson 2001). The added mass and other important unsteady effects are summarized and schematically presented in Figure 1.7. 

The clap and fling mechanism was first reported by Weis-fogh (1973), who studied the flight of the chalcid wasp. During clap and fling, first the wings’

LEs touch together at the end of the dorsal stroke of the wasp. Then, the contact from the LE spreads towards the trailing edge (TE) of the wings. This pushes fluid out from the decreasing space between the wings and generates a propulsive jet (Lehmann et al. 2005). Very soon after, the wings start to move away from each other, again starting from the LE. The sudden drop of pressure between the separating wing membranes pulls fluid in the gap, which generates an initial circulation and eventually LEV formation (Lehmann et al. 2005; 

Miller & Peskin 2005; Weis-fogh 1973). The formed vortices are not accom-panied by a pair of starting vortices, thus net lift production is immediately established by the bound vortex pair on the LE of the wings (Weis-fogh 1973). 

Insects utilizing clap and fling are found to generate, on average, 25% more (F)
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Figure 1.7 Schematic illustration of the most common unsteady aerodynamic mechanisms of insect-scale flapping flight. The relative timings of the mechanisms during each wingbeat are indicated in the upper-right diagram. In all panels, the wing is represented by its chord, drawn from a point of view directed along the spanwise axis of the wing, as shown in the upper-left diagram. Airflow direction is indicated by black arrows, induced velocity is indicated by dark blue arrows, and net forces are represented by light blue arrows. Black triangles indicate the top surface of the leading edge. Chin and

Lentink (2016) after Sane (2003) – reproduced with permission of the Journal of Experimental Biology. 
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muscle-mass-specific lift than those that do not (Marden 1987). Miller and

Peskin (2005) have shown that lift augmentation is elevated in the lower-Reynolds-number flight regime. Clap and fling is often associated with the smallest flying insects such as parasitoid wasps (Hymenoptera) and thrips (Thysanoptera) (Ellington 1984c; Miller & Peskin 2005; Santhanakrishnan

et al. 2014). Other than these small insects, species that adopt high-amplitude flapping are observed to utilize at least partially the clap and fling mechanism, such as fruit flies (Lehmann et al. 2005), locusts (Cooter & Baker 1977), 

damselflies (Rudolph 1976a, 1976b; Wakeling & Ellington 1997) and butterflies (Srygley & Thomas 2002). 

The flapping wings undergo a periodic motion that facilitates wake capture. 

During stroke reversal and as the consecutive stroke commences, the wing moves through flow induced by the previous stroke. When an LEV is formed by the previous stroke, it sheds normally during stroke reversal as the wing decelerates. As the wing commences its consecutive stroke, the wing collides with the shed LEV of the previous stroke, adding extra lift. During this wake capture mechanism, the wing harnesses energy from wake elements that other-wise would be dissipated, thus the overall efficiency improves (Birch & 

Dickinson 2003; Dickinson et al. 1999; Lehmann et al. 2005; Shyy et al. 

2009; Wang 2005). This mechanism occurs only in hovering or slow forward flight, as the previously formed wake elements move downstream quickly in speedy flight. 

During stroke reversal, flapping wings can undergo rapid pitch rotation that can generate additional aerodynamic force (Dickinson et al. 1999). The two most important control parameters in this mechanism are the phase between the flapping and pitching motion of the wing and the angular velocity of the wing. 

The pitching motion that is 90° advanced in relation to the flapping positional angle has been shown to result in the most efficient propulsion for pitching and plunging airfoils (Jones et al. 2002; Ramamurti and Sandberg, 2001). The finding that an advanced pitching can outperform a delayed pitching flapping set-up can be explained with the Magnus effect. If the wing pitches before the stroke reversal, it undergoes a rotation that increases the vorticity around the wing that leads to lift augmentation (Shyy et al. 2010; Shyy & Liu 2007; Sun & 

Tang 2002). Sane and Dickinson (2002) found that the resulting lift peak is proportional to the angular velocity of the wing. 

In a steady flow around a rigid wing aircraft, a vortex pair extends from the tip of the wings. These tip vortices are intrinsic to a finite wing. An associated phenomenon is the downwash, which alters the effective AoA of the wing. 

Compared to the lift on an idealized two-dimensional (2D) wing, the lift on a finite wing is lower and induces additional drag (Anderson 2011). Differently, 
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in flapping wing flight, TiVs can benefit flight efficiency in several ways (Shyy

et al. 2010). Tip vortices can create a low-pressure area on the suction side of the tip region of the flapping wings, and an advantageous interaction with the LEV

is found in previous studies (Aono et al. 2008; Aono et al. 2009; Ramamurti & 

Sandberg 2007; Shyy et al. 2009). These effects, however, are found to be sensible for the flapping kinematics and wing geometry. For lower-AR wings, the TiV could have a strong downwash effect that reduces lift (Taira & Colonius

2009) or that makes little to no impact depending on the phasing between the flapping and pitching motion of the wing (Aono et al. 2009). 

Wings of animals are flexible in nature and can go through substantial passive shape deformation (Shyy et al. 1999; Wootton 1981, 1992). Wings deform both in the spanwise and chordwise directions and are prone to twist along their span. 

The chordwise deformation of the wing essentially means that the TE lags the LE while the wing is flapping. A flexible TE sheds less vorticity in its wake. 

Chordwise flexibility can help maintain a captured vortex or a shedding LEVon the wing surface (Hefler et al. 2018; Ishihara et al. 2009a). Chordwise flexibility improves thrust generation and reduces drag (Heathcote & Gursul 2007; 

Heathcote et al. 2004). Insect wings have a strong LE that makes spanwise deformation of the wing smaller than its chordwise deformation. Nevertheless, spanwise deformation can prevent the burst of the LEV at the outer span (Heathcote et al. 2004; Heathcote et al. 2008). Wing twisting results in a gradual decrease of the local AoA towards the wingtip that could cause local effects on lift generation (Roccia et al. 2017). Inertial forces during stroke reversal cause a passive pitching of flexible flapping wings (Bergou et al. 2007; 

Dickinson et al. 1999). Vanella et al. (2009) presented that in the case when the flapping frequency was less than the wings’ natural frequency, the wing undergoes an advanced passive pitching that results in increased lift generation. The effect of wing flexibility is discussed in detail in Section 2. 

1.4 Micro Air Vehicles

Micro air vehicles are often characterized as those of sizes smaller than 15 cm (Mcmichael & Francis 1997; Shyy et al. 1999). Early development of MAVs was mainly driven by interest in intelligence gathering and in the monitoring of air quality or hazards (chemical, nuclear or pollution) (Davis et al. 1996; Guizzo

2011; MacRae 2016; Sutherland 2011). Of course, we are now capable of designing and building MAVs of much smaller sizes and more agile performance. Table 1.2 compares a few well-known flapping wing MAVs. Please note that the presented values in Table 1.2 are approximations as some of these MAVs are under current development and improvement. 

ttps://doi.org/10.1017/9781108874229 Published online by Cambridge University Press Table 1.2 Comparison of recently developed flapping wing MAVs (Figures are reproduced with permission and cited in the paragraph following the table.)

Microbat

R. jellyfish

Robobee

Delfly micro

Robotic h. bird

Weight

12.5 g

2.1 g

0.08 g

3.07 g

20.4 g

Wingspan

229 mm

180 mm

30 mm

100 mm

170 mm

Frequency

30 Hz

20 Hz

120 Hz

30 Hz

34 Hz

Endurance

42 s

–

–

3 min

–

Hover

No

Yes

Yes

No

Yes

Reynolds number

2.8 × 104

3.0 × 102

2.5 × 103

5.2 × 103

1.7 × 104

Strouhal number

0.375

–

–

0.107

0.143
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The microbat (Pornsin-Sirirak et al. 2001) is a small ornithopter with wings fabricated using microelectromechanical (MEMS) technology that allows for precise repeatability, size control, weight minimization, mass production and fast turnaround time. The robotic jellyfish (Ristroph & Childress 2014) uses four flapping winglets in an arrangement that mimics the propulsion of jellyfish rather than that of insects. Without relying on additional aerodynamic surfaces or feedback control, the robotic jellyfish achieves a self-righting flight (Ristroph & 

Childress 2014). Robobee (Wood 2007) utilizes piezo-electric actuation of the wings, which allows for substantial weight reduction and high-frequency flapping. Newer prototypes of “Robobees” are now able to fly untethered using a solar-powered four-winged set-up (Jafferis et al. 2019) as well as swim underwater (Chen et al. 2017). Delfly micro (Deng et al. 2015; Lentink et al. 2010) and Delfly nimble (Karásek et al. 2018) are amongst the smallest ornithopters today that are capable of highly acrobatic flight due to yaw torque coupling. Delfly also utilizes the clap and fling mechanism for efficient force generation. The robotic hummingbird developed at Purdue University is capable of hovering and attitude stabilization in free flight using at-scale fully uncoupled wings (Tu et al. 2020a; 

Tu et al. 2020b). These examples highlight well the versatility of MAV designs and applications. Further discussions on some of the future prospects regarding the applications of MAVs are in Section 6. 

2 Flexible Wing Aeroelasticity

The wings of flying animals are flexible in their structures (Alben et al. 2002; 

Shyy et al. 1999). The aeroelastic characteristics of a wing are a main interest in biological and bio-inspired flight. It has been, for example, shown that wing deformations (Walker et al. 2009; Young et al. 2009) can enhance the force generation and efficiency of a locust operating at Re ≈ 4×103 (Young et al. 2009)

or a hawkmoth operating at Re ≈ 6.3×103 (Nakata & Liu 2012). Moreover, several studies have suggested that insect wing rotations may be passive (Ennos

1988; Ishihara et al. 2009b), meaning that the resulting rotation is due to a dynamic balance between the wing inertial force, elastic restoring force and fluid dynamic force. 

It is established that shape adaptation associated with flexibility can affect the effective AoA as well as wing shape and hence the aerodynamic outcome (Shyy

et al. 2010; Shyy et al. 1999). Chordwise flexibility can substantially adjust the projected area normal to the flight trajectory or wing motion via shape deformation, hence redistributing thrust and lift (Ramananarivo et al. 2011; Shyy et al. 

2010). Katz and Weihs (1978) conducted a parametric study of large-amplitude oscillatory propulsion, with special emphasis on the effect of chordwise
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flexibility. They reported that flexibility can increase the propulsive efficiency by up to 2% while causing small decreases in the overall thrust, compared with similar motion with rigid foils. Spanwise flexibility in the forward flight creates shape deformation from the wing root to the wingtip, resulting in varied phase shift and effective AoA distribution along the wingspan (Gordnier et al. 2013; 

Kodali et al. 2017). In addition, the increased acceleration of the wing due to the flexibility enhances force generation (Alben & Shelley 2005; Dewey et al. 

2013; Eldredge et al. 2010; Gordnier & Attar 2014; Kang & Shyy 2013; 

Michelin & Smith 2009; Ramananarivo et al. 2011; Shelley & Zhang 2011; 

Shyy et al. 2013; Spagnolie et al. 2010; Vanella et al. 2009; Vargas et al. 2008; 

Wu et al. 2011; Yin & Luo 2010) as well as survivability in the event of a collision (Alben et al. 2002; Bushnell & Moore 1991; Mountcastle & 

Combes 2014; Shelley & Zhang 2011). However, our understanding of fluid physics and the resulting structural dynamics is to be further developed in order to explain all the salient features of this coupled fluid-structure system including the relationship between structural flexibility, resulting flapping kinematics and unsteady aerodynamics. 

2.1 Non-dimensional Parameters and Scaling to Characterize

Flexible Wings

Insect wings are formed by a cuticle membrane of varied thickness within a complex network of tubular supporting veins, resulting in non-homologous structures of considerable strength and high flexibility. These wings can endure collisions and tearing without compromising the overall integrity (Combes

2010; Parle et al. 2017; Schmidt et al. 2020; Wootton 1992). The main longitudinal veins are not only structural elements but transferring fluid, oxygen, and sensory information (Pass 2018). The secondary cross veins are, however, primarily structural reinforcements, and in some cases, they are organized in a way to facilitate special bending paths. The veins are denser and thicker towards the LE and the wing base to support the structure against bending stresses and to reduce the inertial power requirement of the flapping by making the wing lighter towards the tip (Ennos 1989). Interestingly, this complex venation network of insect wings does not significantly affect average bending stiffness that is determined primarily by wing size, but venation affects the regional stiffness distributions to adjust the wing morphology (Combes 2010; 

Combes & Daniel 2003b). 

A number of other specialized structural features of insect wings are also noteworthy. Flexion lines are essentially two-way joints or one-way hinges built in the wing structure facilitating chordwise bending and twisting (Wootton
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1979, 1992). Some wings possess creases that do not normally bend during flight but that can prevent damage by crumpling reversibly during collisions, for example, near the tips of cranefly (Tipulidae) wings (Combes 2010). Fold lines, on the other hand, primarily function not during flight, but as a structural element making wing folding (e.g. beetles) possible when the wing is in rest (Brackenbury 1994; Combes 2010; Haas & Wootton 1996). The pterostigma of dragonflies, craneflies and bees is a pigmented spot with greater mass than the surrounding cuticle, which helps balance the chordwise distribution of mass and regulates wing pitch during flight (Åke Norberg 1972; Rajabi et al. 2016). 

Finally, wing corrugations strengthen the wing in the spanwise direction and can trap tiny vortices in their valleys that alter the effective wing cross section without additional mass (Combes 2010; Lian et al. 2014; Luo & Sun 2005; Shyy

et al. 2013; Shyy et al. 2008). Finally, among insects we can also find a number of surface structures the functions of which are less understood (Combes 2010; 

Ghiradella 1998). Butterfly wings are covered with overlapping scales (Ghiradella 1994; Vukusic & Sambles 2001), true bugs have cone-shaped protrusions and small hairs cover the wings of flies (Ghiradella 1998), and small spines can be found on dragonfly wing veins (Combes 2010; Wootton

1992). 

We first consider the chordwise wing flexibility and fluid-structure interaction in a 2D flow field, neglecting 3D flow effects. Three-dimensional effects, such as spanwise flow that seem to stabilize the LEVs (Birch & Dickinson

2001) or LEV-TiV interaction (Shyy et al. 2009), are noticeable in general. 

However, at smaller insect scales of Re = O(102), the effects of spanwise flow on the overall aerodynamics are less important than at higher Reynolds numbers (Birch & Dickinson 2001; Shyy & Liu 2007). Also, the characteristics of the LEVs in two dimensions for plunging motions are representative of 3D flapping wings as long as the stroke-to-chord ratio is within the range of typical insects –

that is around 4 to 5 (Alben & Shelley 2005; Rival et al. 2011; Wang 2005; 

Wang et al. 2004). Effects of 3D flow and spanwise wing flexibility are considered in Sections 2.5 and 2.6. 

Consider an insect wing approximated with an elastic flat plate (Combes & 

Daniel 2003b) described by the plate equation (Eq. 1.17) or by a beam equation (Kang et al. 2011; Kang & Shyy 2013). The dimensional analysis of the plate equation leads to a set of non-dimensional parameters (e.g. the density ratio (Eq. 

1.18), reduced frequency (Eq. 1.13 and Eq. 1.14) and Reynolds number (Eq. 

1.9) as discussed in Section 1). Furthermore, we can define the thickness ratio h *

2

*2

s

= tw/c, frequency ratio f/f1 = 2πf/[k1 {Ehs /(12ρfc2)}1/2], for example, for a beam with k1 being the first wave number of a cantilevered beam, and coefficient of lift CL = L/(0.5ρfU2 c), where ‘L’ is the lift force per unit length, 
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and the first natural frequency, ‘f ’

1 , is measured in the chordwise direction

between the LE and the TE. 

Based on high-fidelity numerical computations of a wide range of wing motion, wing structure and geometry, and surrounding fluid (Kang et al. 2011; 

Kang & Shyy 2013) found that a relative shape deformation parameter γ plays a pivotal role in characterizing the force and propulsion characteristics of a flapping, flexible wing. Specifically, γ is defined as:





1 þ π= 4ρh

γ ¼ 2

s

(2.1), 

k ðf

Þ2 

1=f

1

which includes the effects of f/f

*

1, k, hs and ρ*, such that the individual effects

of these materials and flapping parameters are integrated into a single parameter. When a plunge motion is imposed on the LE of the wing, the resulting wing camber deformations can be regarded as a passive pitch rotation α(t*), the angle between the TE and LE. This pitch angle is purely passive due to the dynamic balance between the aerodynamic loading, elastic restoring force and inertia of the wing (Shelley & Zhang 2011). The parameter γ includes all three – that is inertia, stiffness and aerodynamic force terms. Kang and Shyy (2014) showed that the scaling relationship between the time-averaged force and γ is consistent with a scaling that was based on an experiment in air (Ramananarivo et al. 2011; 

Thiria & Godoy-Diana 2010). The scaling is also consistent with experiments performed in water (Dewey et al. 2013), where a frequency ratio was empiric-ally determined by locating the maximum wingtip deflection. 

In order to elicit the effects of the non-linear transient dynamics, we also consider an approximation of α with a first-order harmonic (FH) as αFH = 90–αa cos(2πft+φ), where the angular amplitude αa and the phase lag φ between the plunge and angular motions are calculated by measuring αm and αe (Figure 2.1), 
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c)
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start of 
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Figure 2.1 Schematic of the abstraction of the wing motion. (a) Top view of a Drosophila melanogaster. (b) Front view of a Drosophila melanogaster wing and schematics of two-dimensional cross sections of the wing, indicated by red solid lines. (c) Two-dimensional model of the flapping stroke shown in (b). 

Wing deformations lead to a passive pitch angle of α. Adapted from Kang and

Shyy (2013). 
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the angles at the middle and end of the strokes, respectively. A scaling relationship exists (Kang et al. 2011; Kang & Shyy 2013) between the time-averaged lift coefficient and γ as:



C ¼

CL

(2.2), 

L

khðf

Þ2 1  ð f =f Þgeγa

f

s

1=f

1

where a decreases from 2.0 for γ < 1 to 0.34 for γ > 2. This scaling is derived by considering the non-dimensional energy balance. When the wing deformations become more significant at γ > 0, the correlation worsens. This indicates that other factors may start to play a role as Eq. (2.2) only considers FH as insects usually flap with f/f1 < 1 (Ramananarivo et al. 2011), and assumes aerodynamics forces from a high-frequency, small-deformation motion (Kang et al. 2011). 

When f/f1 is small, the elastic, restoring effects dominate over the inertia effects, implying the work done on the wing is mostly in balance with the restoring elastic force. As f/f1 increases, the influence from the wing inertia cannot be neglected anymore. Both the elastic-restoring and the inertial effects need to be considered. 

The outcome is that the time-averaged lift coefficient versus γ covers a wide variety of wing flexibility and flapping characteristics relevant to insects as well as artificially devised flexible wings (Figure 2.2). Moreover, γ can be interpreted as a non-dimensional TE displacement relative to the LE. The chordwise wing a)
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Figure 2.2 γ-scaling relationships. (a) Scaling given by Eq. (2.2) of the normalized lift C by γ for various data including insects Kang et al. (2011). 
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deformations act as a passive pitch with an AoA α, which is a key measure of the aerodynamics and directly affects lift (Figure 2.2(b,c)). Furthermore, Figure 2.2

(d,e) shows that the normalized power required (Kang et al. 2011) and the propulsive efficiency defined as the ratio between the lift and the power required for the current cases scale with γ. 

From Eq. (2.2), it follows that optimal lift is obtained when f/f1 = 0.5 with other parameters fixed. For a self-propelled insect model (Ramananarivo et al. 

2011), the best performance was observed at f/f1 = 0.7, and the performance decreased by a factor of more than 4 at f/f1 = 1 consistent with the current prediction. The current discussion also suggests that the maximum lift may be obtained at a frequency ratio well below the resonance condition because increasing the TE deformation relative to the LE results in delayed rotation mode, deteriorating the lift generation. 

2.2 Optimal Passive Wing Rotation

When actively rotating, rigid wings exert force on the surrounding fluid, and the fluid adds to or subtracts from the lift due to translational mechanisms (Dickinson et al. 1999; Sane 2003). The benefits of the rotational mechanism depend on the phase difference between translation and rotation (Dickinson

et al. 1999). Previous studies using rigid wings in hover have shown that the advanced rotation is optimal for low-AR wings (Dickinson et al. 1999; Trizila

et al. 2011). 

Depending on the wing structure and imposed motion, the passive wing

rotations also result in the three phase modes (Figure 2.3a). Moreover, the phase lag φ strongly correlates to f/f1, yielding advanced, symmetric and delayed rotation modes with increasing f/f1 (Figure 2.3b). 

However, the large pressure differentials that exist on actively rotating rigid wings near the TE due to lift-enhancing rotational effects (Sane 2003) are relaxed by the compliant nature of flexible wings. Instead of generating rotational forces, the wing streamlines its shape such that the wing shape and motion are in equilibrium with the fluid forces, similar to the drag-reducing reconfiguration of flexible bodies (Alben et al. 2002). Passive rotational angle α is purely due to deformation. The amplitude and the phase of the passive rotational angle scale with γ and f/f1. 

Moreover, αm is measured at the instant of maximum translational velocity and is therefore indicative of the forces related to the translational mechanisms

(Dickinson et al. 1999). For advanced rotations (f/f1 < 0.25), αm is greater than 70°. The wing orientation is almost vertical, producing little lift. On the other hand, deformations can become substantial for delayed rotation modes with f/f1 > 0.4, 
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Figure 2.3 Aerodynamic forces and resulting passive wing motion generated by a flexible wing. (a) Schematics illustrating the three phase modes: advanced (k =

0.95; γ = 0.58), symmetric (k = 0.6; γ = 2.59) and delayed (k = 2.0; γ = 24.9). (b) Phase lag φ, mid-stroke angle of attack αm, and as a function of f/f1. (c) As a function of φ. Adapted from Kang and Shyy (2013). 

but since the translation is out of phase with the passive rotation, the resulting αm and hence the lift remain smaller than for symmetric rotations. Figure 2.3c also shows that the resulting lift for the delayed rotations can be higher than for the advanced rotation modes, unlike the actively rotating rigid wings in hover (Dickinson et al. 1999). The translational forces peak when αm is around 45 to 50° (Dickinson et al. 1999), which corresponds to 0.25 < f/f1 < 0.4. The resulting lift is of similar magnitude to that of rigid wings with active rotations (Dickinson

et al. 1999). However, the lift is now optimal for symmetric rotation modes. This is also observed in the wing kinematics of FFs (Fry et al. 2005) and honeybees (Altshuler et al. 2005). 

2.3 Lift Enhancement Due to Wing Streamlining

To further assess the effects of flexibility, Kang and Shyy (2013) compared the lift generation on a flexible wing to the lift on a rigid wing rotating with αFH. As γ increased, wing camber deformations became larger, eventually causing the flexible wing performance to deviate from its rigid counterparts. For most of the considered motions, most flexible wings yield higher lift. 
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High k motions correspond to a small stroke amplitude and a high-

frequency motion. For these motions, the resulting lift on the flexible wing is close to the lift on its rigid counterpart as shown for k = 3.05, γ = 1.23 in

Figure 2.4(a,b). At higher k, the added mass force, which is linearly proportional to the wing acceleration, has a larger contribution to lift (Altshuler et al. 

2005). The impact of the added mass on the total aerodynamic force for both wings remains similar because the essence of wing motion is consistent between flexible and rigid wings. 

When k is lowered, aerodynamic forces induced by vorticity in the flow field, such as translational forces and non-linear wing-wake interactions (Birch & 

Dickinson 2003; Dickinson et al. 1999), start to dominate the lift (Altshuler

et al. 2005; Kang et al. 2011). These non-linearities in the unsteady aerodynamics lead to intriguing consequences caused by small differences in the resulting non-linear wing motion and the camber deformation. For example, Figure 2.4(c,d)

illustrates the motion with the largest difference in the mean lift. Lift on the flexible wing is considerably higher during the mid-stroke compared to that of the rigid wing, such that the lift generated by the flexible wing is superior: 1.2 versus 0.88. 
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Figure 2.4 Difference in lift between flexible and rigid wings, rotating with αFH. 
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Shyy (2013). 
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Figure 2.5 Effects of streamlining for the motion with the largest difference in lift (also shown in Figure 2.4(c,d)), compared to the flow around the rigid wing rotating with α. (a) Representative vorticity and vertical velocity fields based on computational fluid dynamics. (b) Schematic illustration of the wing-wake interaction. The subscript numbers indicate the stroke at which the vortices are shed: current (1), previous (0) and two strokes ago (−1). The arrows between the LEV0 and TEV0 illustrate the downwash. (c) Time history of lift normalized by c and c(t*). (d) as a function of γ. (e) Time histories of the vorticity of TEV0, downwash and LEV1. 

Adapted from Kang and Shyy (2013). 

The wing-wake interaction provides an important mechanism responsible for lift enhancement over a flexible wing compared to its rigid counterpart, as highlighted in Figure 2.5. Here the unsteady flow field of a flexible wing and its
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rigid counterpart, rotating with α, are considered to focus solely on the effects of camber deformations (Kang & Shyy 2013). The LEV and the trailing-edge vortex (TEV) shed in the previous motion stroke, denoted as LEV0 and TEV0, respectively, form a vortex pair and induce a downward wake around the mid-stroke (Birch & Dickinson 2003; Trizila et al. 2011), which in turn interacts with the wing during its return stroke. In general, the outcome of the wing-wake interactions for rigid wings vary depending on the wing kinematics and wake structure. Under favourable conditions, added momentum causes the lift to increase during the first portion of the stroke (Dickinson et al. 1999). The wing then experiences two peaks in lift: the wake capture and the delayed stall (Dickinson

et al. 1999; Trizila et al. 2011) peaks as shown in Figure 2.5e. However, the wake can also form a downward flow, causing the lift to drop significantly during the mid-stroke (Birch & Dickinson 2003; Trizila et al. 2011). 

A flexible wing, on the other hand, can reconfigure its shape, adjusting its camber to better streamline itself to the surrounding flow. Consequently, the formation of the TEVs reduces for the flexible wing and the negative impact of the induced downwash is mitigated (Figure 2.5(a,b)), leading to higher lift during the mid-stroke. Kang and Shyy (2013) demonstrated that a flexible wing is able to generate translational lift with higher efficiency via the streamlining mechanism, while at stroke reversals, it lessens rotation-related force enhancement. As a result, the time history lift changes from the two-peak shape to the one-peak shape in the middle of the stroke (Figure 2.5c). The lift enhancement increases with increasing deformations, characterized by γ

(Figure 2.5d). Note that the lift coefficient is even greater when it is normalized by the original chord c instead of the instantaneous chord c(t). 

To quantify this streamlining process, Kang and Shyy (2013) estimated the magnitudes of the non-dimensional downwash vd and vorticity ∇* × u* of the vortices TEV0 and LEV1 based on their computational results. The vorticity magnitude of TEV0 for the rigid wing is higher, which indeed correlates to a stronger downwash and a higher induced AoA. An induced AoA is the flow velocity direction in the perspective of the wing. On the other hand, the stronger downwash delays the increase of the LEV for the rigid wing. 

2.4 Aeroelasticity in Three-Dimensional Flow Fields

Previous sections show that the lift was found to strongly depend on the instantaneous AoA, resulting from passive pitch associated with wing deformation. Other studies have also demonstrated the effect of flexibility on the improvement of the propulsive force and the propulsive efficiency at large AoA, normally greater than 60° (Heathcote & Gursul 2007; Kang et al. 2011; 

Kang & Shyy 2013, 2014; Percin et al. 2011; Shyy et al. 2010; Wu et al. 2011; 
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Zhao et al. 2010). One key mechanism is that the rear deformation results in an effective projected area for the propulsive forces to develop (Shyy et al. 2010). 

These effects are, however, 2D in which the streamwise flow interacts with the chordwise flexibility. Further insight into the fluid-structure interactions in a 3D

context is needed. In this regard, Fu et al. (2018) investigated the flexibility effects on the aerodynamic performance of isotropic wings rotating more than 120° at an intermediate AoA = 45° and Reynolds number Re = 5.3×103, matching medium-sized insects and practical MAV designs. Although the AoA of a flapping wing often varies rapidly during stroke reversal, the AoA change is small during the majority of the flapping period of some flight missions or patterns (Shyy et al. 

2010). Wings with a stiffened LE were studied over a vast stiffness range and for two ARs. A broad range of wing flexibilities – namely flexible (F1 and F2), very flexible (V1 and V2) and rigid wings (R1, R2 and R3) – were investigated and compared. Wing rotation was measured with the rotational angle φ. 

The time course of the lift of certain flexible wings is in general similar to that of rigid wings (Figure 2.6). Flexible wings, especially F2, outperform the rigid counterparts in lift in two stages: the initial stage of the motion SL1 when there is large acceleration and in the second half of the period SL3. The impulse of the lift force in SL1 lasts longer for flexible wings than that for rigid cases, providing more lift. During the second half of the period, the wing is decelerating and being restored to its original shape. The restoration process may unleash the elastic energy stored in the wing by deformation and thus enhance lift. Also, during the deceleration phase, the deformation of flexible wings may help to keep the LEV

stable while on rigid wings the outboard LEV breaks down during this stage. The lift enhancement in these two stages counterbalances the slight lift decrease in SL2, making flexible wings perform similarly to or better than rigid wings in lift. 

Figure 2.6 Time history of (a) lift and (b) drag forces in one period. 

Different wing models are in different colours, where R1, R2 and R3 denote rigid, F1 and F2 flexible, and V1 and V2 very flexible wings. Adapted from Fu et al. 

(2018). 
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Figure 2.7 Wing deformation histories at the root, the mid-span and the tip for F2 (flexible) and V1 (very flexible) over the whole period of the motion. 

Adapted from Fu et al. (2018). 

By contrast, no obvious drag increase is shown in the first or third stages, SD1

and SD3, during acceleration and deceleration, respectively. The pronounced decrease in drag in stage SD2 makes the total drag much smaller than in the rigid cases, leading to improved efficiency. The difference in the sensitivity of lift and drag forces to the change in the AoA due to wing deformation is associated with the reorientation of the total force (Shyy et al. 2010). For very flexible wings, both the lift and the drag decrease rapidly with increasing flexibility over the whole period. In addition, due to the wing deformation, the force peaks of the flexible and the very flexible wings shift slightly aft compared to the rigid cases. 

Figure 2.7 shows the course of the deformation with the wing motion at the root, the mid-span and the tip for F2 and V1. The wings deform in the first half of the motion and are gradually restored to their original shape in the second half. The deformation history is in accordance with the force change on the wing surface. The maximum deformation occurs at the middle of the wing motion, when the wing velocity and the force acted on the wing are the maximum. No TE oscillation is detected for any of the wings investigated. 

In all cases, the flow separates in the leeward side near the LE and forms an LEV (Figure 2.8). The size and strength of the LEV increase as the wings rotate from φ = 24° to φ = 60°, during which the wing velocity increases. From φ = 60°

to φ = 96°, which are located in the deceleration phase, the flow topology is almost unchanged within the mid-span while out of the mid-span the LEV lifts higher from the wing surface. At all angles, the size of the LEV monotonically increases along the span up to near the wingtip. Near the wingtip, the LEV

interacts with the TiV and the interaction shrinks its size (Zhou et al. 1999). The vortex structure around the flexible wing F2 is similar to that around the rigid wing R1 in the inner span and more stable than that around R1 in the outer span. 
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Figure 2.8 Dimensionless vorticity distribution ω *

z

at φ = 24° (first half of the

motion), φ = 60° (middle of the motion) and φ = 96° (second half of the motion) around wings of R1 (rigid), F2 (flexible) and V1 (very flexible) from particle image velocity measurements. Adapted from Fu et al. (2018). 

However, the whole vortex structure around the very flexible wing V1 is evidently weaker. This was supported by the evolution of the circulation of the LEV around each wing. 

The induced AoA also changes with varied flexibility. The mean-induced AoA at the mid-span during φ = 12° and φ = 108° was 22.8 o, 21.4°, 20.4 o and 16.9° for R1, F1, F2 and V1, respectively, decreasing with increasing flexibility. 

This change in the induced AoA led to a drop in induced drag in accordance with the tilting in the total force acted on the wing. 

With the deformation of the flexible wings, a small negative camber with a maximum camber deformation of no more than 1.5% of the chord forms

passively. The effective geometric AoA, which is the AoA including the camber deformation, varies along the span, leading to twisting in the spanwise direction. Fu et al. (2018) show that the twisting helps maintain high AoA in the inboard region of the wingspan where the LEV is stable and decreases the AoA in the outboard region where the LEV tends to break down. The twisting also provides a stabilizing influence on the LEV in the outboard region during the deceleration phase and enhances lift (Nakata & Liu 2012), as illustrated in

[image: Image 17]
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Figure 2.6a and the LEV structures in Figure 2.8. Moreover, the negative camber is likely responsible for the maintenance of the circulation entrained in the LEV under the decreased effective geometric AoA. With the maintained LEV circulation, the more coherent vortex structure in the outer span and the direction change of the total force, the lift coefficient can be larger than that of the rigid wings. In the meantime, the induced drag and, therefore, the total drag acted on the wing significantly decreases. In addition, the elastic energy stored in the wing due to the deformation helps improve flight efficiency (Fu

et al. 2018). 

2.5 Effects of Aspect Ratio on the Aerodynamic Performance

of Flexible Wings

One of the key parameters characterizing a 3D flow physics is the AR. To study the variation of the flexibility effects with the AR, Fu et al. (2018) compared the resulting aeroelasticity for a wing with an AR = 2 with that of an identical wing but with AR = 4. 

Fu et al. (2018) quantified the regimes of effective stiffness for flapping wings with AR = 4: rigid (Π1 > ~10), flexible (~0.5 < Π1<~10) and very flexible (Π1 < ~0.5) based on the aerodynamic performance. In the rigid regime, both the lift and drag coefficients show little change with varied effective stiffness Π1 as shown in Figure 2.9. In the flexible regime, the wings experience a pronounced decrease in drag while maintaining a similar or even enhanced lift compared to their rigid counterparts. In the very flexible regime, both the lift and the drag coefficients decease severely with increasing compliance of the wing. Compliant wings, covering flexible wings and very Figure 2.9 Lift and drag coefficients for wings with AR = 2 and AR = 4. Adapted from Fu et al. (2018). 

Distinct Aerodynamics of Insect-Scale Flight

35

flexible wings, improve the lift-to-drag ratio through predominant reduction in drag with little compromise in lift. Very flexible wings can also be adopted to further reduce the drag on the premise that the corresponding lift is sufficient to support the weight. 

However, the three stiffness regimes located for AR4 wings cannot apply to AR2 cases. For the lower-AR wings, the rigid range extends to much smaller Π1

with a value of around 0.6. With Π1 further decreasing, both the lift and drag coefficients rapidly drop. No clear flexible regime was found for this low-AR

case. While a flexible regime may also exist, the range of this regime for the low-AR case is much narrower. Therefore, wings with a high AR benefit from a wider flexible regime. 

Incorporating the Reynolds number, the flexural stiffness and the AR, the effective stiffness can be rewritten as:

ρ EI

Π ¼

f

c

1

(2.3), 

μ2c2Re2AR

where EIc is the chordwise flexural stiffness. For the same fluid type, the density and the dynamic viscosity can be considered as constant. In addition, 

Combes and Daniel (2003b) estimated that the chordwise flexural stiffness scales with the square of the chord length. With this estimation, one can infer that Π1 is approximately proportional to the reciprocal of the product of Re2 and AR, with Re characterizing the kinematics of the wing and AR indicating the wing morphology. 

Although the flexibility effects on the aerodynamic performance are strongly correlated with the AR, the correlation has not received sufficient attention in previous studies. As shown in our current results, a compliant wing always exhibits lower lift than its rigid counterpart for AR = 2 while for AR = 4, a compliant wing can exhibit higher lift. The correlation between the flexibility and the AR may explain the controversy in literature. For instance, results by

Zhao et al. (2010) on flapping wings with AR = 3 revealed no intermediate wing flexibility that could optimize aerodynamic performance, which is different from the results on wings with AR = 4, but similar to the results for AR = 2. 

The correlation between the flexibility effects and the AR are also likely to change with the wing kinematics. For instance, Ryu et al. (2016) studied the aerodynamic force on rigid and flexible wings with AR = 3 under a combined rotating and pitching motion. They found greater aerodynamic force on a flexible wing than a rigid wing. While the vorticity of the LEV and the corresponding lift decreased, Ryu et al. (2016) found that the greater aerodynamic force was caused by LEV behaviour shortly after the wing reversal. 
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The correlation between the flexibility effects and the AR is associated with the twisting along the span. For the high-AR case of AR4, the twisting helps stabilize the LEV structure in the outer span during the deceleration phase and enhances lift (Figures 2.6a and 2.8). By contrast, for the low-AR case of AR2, the LEV structure stays coherent in the outer span. The twisting plays no role in stabilizing the outer LEV but decreases the LEV structure. It is seen that compliant wings with a high AR have a flexible regime, unlike low-AR wings. 

In the very flexible regime, the drag further decreases, but the wings also experience severe deterioration in lift. In this regime, the large deformation on the wing surface strongly reduces the effective geometric AoA. The AoA decreases up to 7° and the camber rate is up to 3.7%. Accordingly, the circulation entrained in the LEV decreases significantly. With the decrease in the LEV circulation, the lift cannot be maintained on very flexible wings. However, in all cases, the LEV

core trajectories are found to be insensitive to flexibility. This implies that the LEV stays closer to the wing surface for compliant wings, having the potential to result in increased suction during flight (Percin et al. 2011). 

2.6 Summary and Concluding Remarks

When actively rotating rigid wings exert force on the surrounding fluid, the benefits of the rotational mechanism depend on the phase difference between translation and rotation. It is observed that the advanced rotation is optimal for rigid low-AR wings in hover. 

However, the large pressure differentials that exist on actively rotating rigid wings near the TE due to lift-enhancing rotational effects can be relaxed by the compliant nature of flexible wings. Instead of generating rotational forces, the wing streamlines its shape such that the wing shape and motion are in equilibrium with the fluid forces. As a consequence, the lift is now optimal for symmetric rotation modes. Overall, the wing-wake interaction provides an important mechanism responsible for lift enhancement over a flexible wing compared to its rigid counterpart. 

For a flexible wing, twisting helps keep a high AoA in the inboard region of the wingspan where the LEV is stable and decreasing the AoA in the outboard region where the LEV tends to break down. The negative camber of the flexible wing maintains the circulation entrained in the LEV under the decreased geometric AoA. With the maintained LEV circulation and a more coherent vortex structure in the outer span, the lift coefficient can be larger than that of a rigid wing. In the meantime, the induced drag and, therefore, the total drag acting on the wing significantly decreases. In addition, the elastic energy stored in the wing due to the deformation helps improve aerodynamic efficiency. 
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Furthermore, a flexible wing is more resistant to impacts of any kind, which greatly helps the survivability of a living creature or an aircraft. Certainly, there are areas where flexible wing aeroelasticity needs further research. Insect wings are inherently anisotropic structures with venations and corrugations that result in a complex distribution of flexibility variations. Many insects generate more lift in the downstroke than in the upstroke and the wings are more rigid in the downstroke (Hedrick et al. 2015). This implies that insect wings may operate in the flexible regime in the downstroke and in the very flexible regime in the upstroke. The effective stiffness and the flexibility effects of insect wings are also likely to change with flight patterns. The characterization of such complex natural structures is still in its infancy but expected to show progress in the near future. As a first step, recent works address the fluid dynamic and propulsive characteristics of flapping foils that show a gradual change in their flexibility (Lucas et al. 2015; Riggs et al. 2010; Salumäe & Kruusmaa 2011). 

3 Stability and Dynamics of Flexible Flapping Wings

Many flying insects can hover, which is an energetically demanding flight mode. 

In the low-Reynolds-number flow regime, insects use the well-known unsteady lift enhancement mechanisms of delayed stall, rotational lift, added mass forces and wake capture to produce the required lift to stay aloft (Shyy et al. 2013). 

Despite the advancements in our understanding of insect aerodynamics, the development of bio-inspired small robotic flyers has faced many challenges. 

One such challenge is understanding the flight dynamics of insects, particularly in hover. Insects not only generate sufficient aerodynamic forces to sustain their weight and overcome drag in hover, they also must hold their position in equilibrium. In general, the stability of insects is described by presenting the eigenvalues of the linearized system matrix (Cheng & Deng

2011; Sun 2014; Taha et al. 2012). The real part of an eigenvalue corresponds to the rate of growth (Bluman & Kang 2017b) and the imaginary part corresponds to the natural frequency of any oscillatory motion. If any eigenvalue has a positive rate of growth, then the system is unstable. The literature reports on hover eigenvalues for a number of insect families, including drone flies (DFs), fruit flies, bumblebees (BBs), hawkmoths and hover flies. These studies include several different aerodynamic modelling techniques of varying fidelity (Bluman & Kang 2017b; Cheng & Deng 2011; Faruque & Humbert 2010; 

Liang & Sun 2013; Orlowski & Girard 2012b; Taha et al. 2015). Yet they overwhelmingly share the same natural modes of motion: the hovering equi-libria are reported to be unstable for flapping wing flyers (Orlowski & Girard

2012a; Sun 2014). 
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However, none of these studies have considered flexible wings (Shyy et al. 

2016; Sun 2014; Taha et al. 2012) in spite of the fact that insects themselves feature flexible wings (Altshuler et al. 2005; Ennos 1988; Fry et al. 2005; Shyy

et al. 2013; Sunada et al. 1998; Young et al. 2009), and most flapping wing MAVs produced to date (Coleman & Benedict 2015; Desbiens et al. 2013; Keennon et al. 

2012; Ma et al. 2013; Shang et al. 2009; Shyy et al. 2005; Tay et al. 2015; Tu et al. 

2020b) also have flexible wings. Flexible wings produce lift differently from their rigid counterparts (Kang et al. 2011; Kang & Shyy 2013, 2014) by affecting the surrounding unsteady flow (Kang & Shyy 2013; Mountcastle & Combes 2013) and the efficiency and the timing of passive wing kinematics (Eldredge et al. 

2010; Sridhar & Kang 2015). Flexible wings tend to require less power to flap because the passive deflection produces less drag and torque penalties associated with rotating the wings (Eldredge et al. 2010). 

In this section, we review the recent advancements in the area of stability and dynamics of flexible flapping wings in hover. We first introduce the dynamic equations of motion for a flapping wing flyer and stability derivatives. Then we summarize the reports in the literature that the hover equilibrium is unstable under the assumption of rigid wings. However, a flexible wing passively deforms its wing shape in the presence of perturbations, which leads to qualitatively different hover stability characteristics. In particular, we discuss the recent study by Bluman et al. (2018) that states the hover equilibrium of flexible flapping wings is linearly stable. These findings suggest that the wing flexibility affects both the unsteady aerodynamics and the dynamic characteristics of flapping wings. With flexible wings, insects may passively stabilize their hover flight, which can benefit the designs of synthetic flapping wing robots. 

3.1 Flight Dynamics of Flapping Flyer with Flexible Wings


The flight dynamics of a flapping flyer with flexible wings are governed by the complex three-way coupling of aerodynamics, structural dynamics and flight dynamics (Bluman et al. 2018; Bluman & Kang 2017a; Shyy et al. 2016; Taha

et al. 2012). The aerodynamic force generation, governed by the non-linear unsteady viscous Navier-Stokes equations, depends on the wing shape deformation, which at the same time depends on the aerodynamic loads. Additionally, in free flight, body motion affects the fluid-structure interaction of flexible flapping wings, which in turn accelerates the body. Whereas hover is a given condition in most studies on flapping wing aerodynamics without the need for body motion, appropriate initial conditions and control inputs must be determined so that the flapping flyer achieves hover equilibrium prior to assessing its stability characteristics. 
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Most studies impose a sinusoidal function as the bio-inspired flapping motion ζ (Berman & Wang 2007) on the LE of a wing with a flapping frequency f and an amplitude Z (Figure 3.1). For hover, the reference velocity is a wing velocity at a representative point on the wing. 

The key feature in the dynamics of flexible flapping wings is that the wing pitch angle is not prescribed as opposed to rigid wings, which require an active pitch rotation to efficiently produce lift and thrust as discussed in the literature (Shyy et al. 2013). Rather, the instantaneous wing pitch αflex results from the dynamic balance between the wing’s inertia, elastic restoring force and aerodynamic forces. Furthermore, body motion is superimposed on the flapping motion, both of which can affect the resulting wing motion. Unlike most rigid or flexible flapping aerodynamics studies (Shyy et al. 2010; Shyy et al. 2013), where the insect is fixed and only resulting forces are analysed, the body responds to the instantaneous aerodynamic forces and moments. As a result, the LE of the wing also moves through multiple degrees of freedom, which in turn affects the resulting aerodynamics and fluid-structure interaction. 

Mathematically, the dynamical system can be written as:

dx ¼ fðx;tÞ; 

(3.1), 

dt

where x is the state vector representing the position and attitude of the body centre of gravity (CG) and their rates and t is the time. The equations of motion can be derived using different methods, and we refer to various studies for details (Bluman & Kang 2017a, 2017b; Orlowski & Girard 2012a; Sun 2014; 

Taha et al. 2012). Although the lateral dynamics and coupling between the lateral and longitudinal dynamics are important, we focus on the longitudinal dynamics and stability of insect models in relation to hover equilibrium. The longitudinal stability of hovering insects contains the largest source of instability z sp
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Figure 3.1 Fruit fly model with pertinent reference frames. Subscripts I, b and sp refer to the inertial, body and stroke plane reference frames, respectively. 

Adapted from Bluman et al. (2018). 
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(Sun 2014). Then the state vector reduces to x = [u,w,q,Ixcg,Izcg,θ]T, where u and w are the body velocities at the body CG along the xb and zb axes, respectively, and q is the pitch velocity about the yb axis. The body CG positions Ixcg and Izcg and the pitch attitude θ are in the inertial frame of reference (Figure 3.1). 

To determine the stability derivatives, Eq. (3.1), which represents a set of non-linear, time-varying equations of motion, can be linearized as:

dx ¼ Ax þ Bu; 

(3.2), 

dt

where A is the system matrix, B is the control input matrix and u is a control vector. As the aerodynamic forces and moments on the flapping wing flyer are independent of the body CG position, A is typically expressed as a 4×4 matrix (Sun 2014) for the open-loop dynamics of a flapping wing flyer as: 2
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where the stability derivatives Xu/m, Xw/m, Xq/m, Zu/m, Zw/m, Zq/m, Mu/Iyy, Mw/Iyy and Mq/Iyy describe the cycle-average response of a flyer in equilibrium to a perturbation in a particular degree of freedom. X, Z and M are the aerodynamic forces acting on the body CG in the xb and zb directions and pitch moment about the body CG, respectively. m is the total mass and Iyy is the body inertia about the yb axis. The horizontal velocity damping Xu/m is defined as: X
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where cycle-averaging is indicated by the overbar and δu is a horizontal velocity

perturbation. 

The

hover

equilibrium

is

a

solution

where

_u ¼ _w ¼ _q ¼ u ¼ w ¼ q ¼ 0 and is indicated with the subscript 0. Other stability derivatives are defined in a similar way. The control matrix B can be obtained by perturbing each control in a similar fashion and determining its effect on the average of the rate vector. 

The most common method of describing the stability of insects is by presenting the eigenvalues λi of the linearized system matrix A (Cheng & Deng 2011; 

Sun 2014; Taha et al. 2012). An insect is said to be stable about its hover equilibrium if all eigenvalues, also known as open-loop poles, possess negative
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real parts. If at least one eigenvalue has a positive real part, the hover equilibrium becomes unstable. 

The averaging approach in Eq. (3.4) assumes that the flapping timescale is much shorter than the body timescale (Taylor & Thomas 2002). This is the case for small insects such as flies and bees with a flapping frequency higher than 100 Hz and smooth flight trajectories (Taha et al. 2012). For larger insects and birds, the flapping frequency is much lower and the coupling between the flapping wing aerodynamics and body dynamics becomes more pronounced (Kang et al. 

2018). In this case, the averaging approach may not be valid and more advanced approaches, such as the Floquet theory (Su & Cesnik 2011; Taha et al. 2012; Wu

& Sun 2012) or non-linear approaches (Liang & Sun 2013) need to be used. 

3.2 Stability of Hover for Rigid Wings

Figure 3.2 depicts the open-loop poles of the longitudinal dynamics of fruit flies (Bluman & Kang 2017b; Cheng & Deng 2011; Faruque & Humbert 2010), BBs (Sun & Xiong 2005) and DFs (Sun et al. 2007; Wu et al. 2009), reported in the literature. The wing kinematics are slightly different for each insect model, but rigid wings are assumed. Despite the variations in the wing kinematics and insect species, the qualitative response of all of these simulations is the same. 

Each insect has an unstable oscillatory mode, a fast stable subsidence mode and a slow stable subsidence mode. Because of the unstable mode, the hover equilibrium is unstable. 

The primary reason for the instability of the rigid wing models is the large magnitude of the stability derivative Mu relative to the others (Cheng et al. 2011; 

Sun & Xiong 2005; Taha et al. 2014). Mu is the rate at which an insect tends to pitch up in the presence of a horizontal velocity perturbation. Although various sources of damping exist, this large pitch rate causes the insect to diverge away from hover. The rate depends on the insect configuration: it is about 29 times slower than the flapping frequency for hawkmoths and 114 times slower for hover flies (Taha et al. 2015). 

Bluman and Kang (2017b) argue that the physical sources of the large stability derivative experienced by a rigid wing stem directly from several of the unique unsteady low-Reynolds-number force-production mechanisms:

translational lift from delayed stall, rotational lift and wing-wake interaction. 

Each of these mechanisms destabilizes the hover equilibrium of an insect with rigid wings. The net rearward translational drag force, acting above the body CG, induces nose-up pitch (Sun & Xiong 2005). Also, the stronger rotational lift during stroke reversal from the advancing to retreating strokes causes a larger nose-up pitch momentum than in the opposite half stroke (Bluman & Kang
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2017b; Cheng & Deng 2011). Finally, the wing-wake interaction, where the wing gains momentum from the near field vortex structures immediately following stroke reversal, creates a fore-to-aft lift imbalance and induces a nose-up tendency under a gust (Bluman & Kang 2017b). 

Both the quasi-steady aerodynamics model and the Navier-Stokes equation model are used to calculate the eigenvalues shown in Figure 3.2. The magnitudes of the poles are larger when the Navier-Stokes equations are considered to model the unsteady viscous flow around the flapping wings. Bluman and

Kang (2017b) demonstrated that the wing-wake interaction, which cannot be captured by a quasi-steady model, contributes to the instability. The wing-wake interaction increases the size of Μu, ultimately increasing the natural frequency of the response of the flapping wing flyer and decreasing its doubling time. 

3.3 Passively Pitching Flexible Flapping Wings in Hover

To investigate the hover stability of flapping wings with flexible wings, Bluman

et al. (2018) used an insect flight dynamics simulator that is fully coupled to the unsteady aerodynamics and flexible wing dynamics (Bluman & Kang 2017a) to calculate the stability derivatives. The detailed discussion of the governing equations, computational methodology, computational set-up and validation studies is reported in (Bluman & Kang 2017a). They varied the flapping wing amplitude Z, stroke plane angle β and stroke mean angle ζφ (Figure 3.1), so that the fruit fly model with a mass of about 1 mg is in a hover equilibrium (Bluman

& Kang 2017a). In hover, the time-averaged lift offsets the weight and the time-averaged drag is zero. 
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Figure 3.2 Open-loop poles for the longitudinal dynamics of a fruit fly using the (a) quasi-steady and (b) Navier-Stokes aerodynamic models, reported in the literature (Bluman & Kang 2017b; Cheng & Deng 2011; Faruque & Humbert

2010; Sun et al. 2007; Sun & Xiong 2005; Zhang & Sun 2010). FF: fruit fly; BB: bumblebee; DF: drone fly. Adapted from Bluman and Kang (2017b). 
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The flap amplitude that yields hover depends on the frequency ratio. 

Specifically, the flap amplitude is Z = 80.5° for f/f1 = 0.330 and decreases to 69.8° for the most flexible case (f/f1 = 0.461). This range of flap amplitude agrees well with the amplitudes used by live fruit flies reported in the literature: 60° < Z < 76° (Fry et al. 2005; Hedrick et al. 2009; Lehmann & 

Dickinson 1997). The calculated stroke plane angle for hover was β = −11° to

−13.4°, which is close to the observed value of 12° (Fry et al. 2005) for fruit flies. 

Thanks to the fluid-structure interaction implemented in the numerical model, the passive pitch angle αflex variations resulting in hover equilibrium could also be determined. Figure 3.3b depicts the time history of pitch angle, experimentally observed for hovering fruit flies by Fry et al. (2005) in comparison with the values derived numerically. Although there are some differences due to modelling and experimental uncertainties, the resulting passive pitch motion from the numerical simulations resembles that of fruit flies in the numerical model of Bluman et al. (2018) and Bluman and Kang

(2017a). 

This passive pitch angle αflex is in contrast to active wing rotations, but is required for rigid wings to produce sufficient lift to hover. Depending on the combination of the structural parameters and wing motion, passive pitch angles can be sufficient to generate enough lift to remain aloft (Kang & Shyy 2013; 

Sridhar & Kang 2015). The extent to which insects actively rotate their wings is not fully known. Although they possess the musculature to achieve pitch rotation (Bergou et al. 2007), experiments have also observed tip-to-root torsion waves and other evidence that insects typically rely on passive deformation of their wings to fly (Bergou et al. 2007; Ennos 1988). 
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Figure 3.3 Passive pitch motion αflex due to wing flexibility and body dynamics. 

(a) Schematic of the wing deformation for f/f1 = 0.41. (b) Time histories of passive pitch angles resulting from changing the wing flexibility alongside observed kinematics from a fruit fly (Fry et al. 2005). Adapted from Bluman

et al. (2018). 
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3.4 Power Required to Hover with Flexible Wings

A flapping flyer must expend energy to generate the power to hover, to move and to manoeuvre. For a wing with passive wing deformation, only flapping power is required. On the other hand, for rigid wing models, a pitch actuation mechanism is required to actively rotate the wing, which adds to the power required. Power required is an outcome of combined forces and moments acting on the wings and the body of the flyer as well as the velocity and acceleration of the motion. The interplay between the forces and moments and the non-linear response of the body in hover equilibrium is discussed in detail by Bluman et al. 

(2018) and Bluman and Kang (2017b). Here, we focus on the resulting power required and the resulting stability implications (Section 3.5). 

The time histories of power are depicted in Figure 3.4 for various frequency ratios. The aerodynamic contribution is significantly larger than the inertial, since aerodynamic power scales as Z3 and inertial power scales with Z2, where Z is the flapping amplitude (Lehmann & Dickinson 1997). The time histories of power also show qualitative agreement with the trends for live fruit flies reported in Fry

et al. (2005). Additionally, the aerodynamic power in Fry et al. (2005) was largest at the middle of each half-stroke, whereas their inertial power had larger peaks in the same locations, where flapping acceleration is highest. 

To illustrate the influence of wing flexibility on power, Bluman and Kang

(2017b) plotted the specific power to achieve hover for different values of frequency ratio (Figure 3.5a). The power required compares favourably to the ranges of power required for a fruit fly reported in the literature. For the flexible wing, the required power monotonically decreases as the wing becomes more flexible. The stiffest wing requires 38.5 W/kg of power while the most compliant wing requires 23.1 W/kg, a reduction of 66%. 
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Figure 3.4 Time history of power required. (a) Time histories of flapping power for selected frequency ratios. (b) The time histories of the inertial (black) and aerodynamic (brown) contributions to flapping power for f/f1 = 0.390. Adapted from Bluman and Kang (2017b). 
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The required power of fruit flies from Lehmann and Dickinson (1997) (□) and

Fry et al. (2005) (♢) are also plotted with the average values (solid) and the experimental range (shaded). (b) The power required for the flexible wing (o) compared to its rigid wing counterpart (×). Adapted from Bluman and Kang

(2017b). 

The power required to reach hover equilibrium for the flexible wing is much lower than the power required for a rigid wing using the pitch motion (Figure 3.5b). 

The rigid wing consistently requires approximately 45 W/kg of power to hover across a range of pitch amplitudes. The main reason for this difference is that the rigid wings shed more vorticity into the flow, which reduces lift in the wake valleys. 

The rigid wing needs a larger flapping amplitude to achieve hover as a result: the flapping amplitude for f/f1 = 0.414 is Z = 71.8°; for the same pitch schedule, a rigid wing requires Z = 84.6°, which is an 18% increase. Since profile power increases with Z3, the profile power is 60% larger for the rigid wing. Additionally, the inertial power due to flapping increases by 38%. Another reason is that active pitching power for rigid wings requires additional power. Both reasons demonstrate the benefit of utilizing flexible wings. 

3.5 Flexible Wings Stabilize the Unstable Mode

Figure 3.6 shows that the real parts of all system eigenvalues associated with flexible wings are negative, suggesting that the hover equilibrium of flexible flapping wings is linearly stable. A flexible wing adjusts its structural dynamic response under a perturbation, a feature not available to a rigid wing. The enhanced damping associated with wing flexibility yields a stable hover equilibrium across a range of different wing stiffness values. 

The hover equilibrium is unstable for a wide range of insect models with rigid wings. Bluman et al. (2018) demonstrated that, when wing flexibility is
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Figure 3.6 Open-loop poles for multiple insect species from studies that assume rigid wings (×: hover fly (Sun et al. 2007); ○: drone fly (Sun et al. 2007; Zhang

& Sun 2010); +: bumblebee (Sun & Xiong 2005)) and flexible wings (green with different wing stiffness values) (Bluman & Kang 2017a). Adapted from

Bluman et al. (2018). 

considered, all system eigenvalues associated with flexible wings are negative (Figure 3.6), suggesting that the hover equilibrium of flexible flapping wings is linearly stable. The unstable oscillatory mode has become stable. The least stable mode is now the slow subsidence mode associated with the vertical motion of the insect, whereas the fast subsidence mode has become much more stable than for the rigid wings. 

Bluman et al. (2018) further argue that only the stability derivatives Xu, Μu and Mq (Section 3.1) have a noticeable impact on the system poles. Similar to the rigid wing dynamics (Taha et al. 2014), increasing the magnitudes of Xu and Mq has a stabilizing influence on the oscillatory mode, which was the unstable mode for the rigid wings, and Μu is destabilizing. 

Compared to the stability derivatives reported in the literature for rigid wings, the insect models with flexible wings are more sensitive to perturbations. 

Bluman et al. (2018) suggest that the main feature in the response of a flexible wing is that both the structural response and the surrounding unsteady flow respond to the imposed perturbation. The wing shape and motion remain the same for the rigid wing, and only the surrounding flow changes under a perturbation. This increased sensitivity does not necessarily mean, however, that the insect is less stable. On the contrary, the increased sensitivity significantly enhances the horizontal velocity damping −Xu and the pitch rate damping –Mq, both of which stabilize the insect (Bluman et al. 2018). 
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According to Taha et al. (2014) and Bluman et al. (2018), the hover equilibrium can be stabilized if the horizontal velocity damping Xu and the pitch rate damping Mq are sufficiently large compared with Mu. For most rigid wing systems, Xu and Mq are too small compared to Mu to stabilize the hover equilibrium (Taha et al. 2014). For flexible wing systems, the ability for the wing to deform under perturbation provides the means to sufficiently increase the damping terms Xu and Mq. 

Horizontal velocity damping Xu exists for both the rigid and flexible wings. 

Bluman et al. (2018) compared the interplay between the resulting wing motion and aerodynamics for hover and under perturbation for both the rigid and flexible wings. When the horizontal perturbation opposes the wing motion and the relative velocity of the wing is higher than at hover, horizontal rate damping results. One reason that Xu is larger for the flexible wing is that the flexible wing shape deformation responds to the horizontal perturbation, increasing its AoA. This increase in the AoA leads to a larger drag and damping. Furthermore, the ability for the flexible wing to deform in a qualitatively different way under a perturbation, the rate of wing shape deformation change, also results in a larger drag. 

Bluman et al. (2018) found similar observations for the pitch rate damping Mq. The ability for the flexible wing to adjust its wing shape under the perturbation yields less lift in front of the body CG and larger drag. 

3.6 Evolution of Flight from Hover

We have seen that open-loop poles of the flexible flapping wing flight dynamics system all have negative real components, suggesting that the hover equilibrium is stable. However, the stability derivatives were calculated after a linearization about the hover equilibrium of the averaged dynamics (Sun 2014; Taha et al. 

2012). The real system is non-linear and time-varying. The lift production can be affected by the time history effects of the vortex dynamics and by the non-linear interaction with the structural response of the flexible wing. For example, a persistent downward jet sustained through a non-linear wing-wake interaction mechanism can decrease lift production (Trizila et al. 2011). 

To test the hypothesis that wing flexibility passively stabilizes hover, 

Bluman et al. (2018) compared the longitudinal response of the flexible wing against two different rigid wing simulations: one with abstracted kinematics and the other with a pitch schedule that matches the flexible wing’s passive pitch as shown in Figure 3.7. 

Initially both the flexible and rigid wings are in hover. The periodic forcing of both wings causes cyclic variations in all three degrees of freedom. 

Eventually, both rigid wing systems diverge much more rapidly from the
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Figure 3.7 The longitudinal evolution of flight when released from hover for flexible and rigid wings, demonstrated by Bluman et al. (2018). The rigid wing results consist of a pitch motion from observations of hovering fruit flies (Fry

et al. 2005) (red) and a motion with the pitch schedule based on the flexible wing response (blue). The flexible wing dynamics correspond to f/f1 = 0.41 (green). 

Adapted from Bluman et al. (2018). 

equilibrium than the flexible wing. The more rapid divergence of the rigid wings further demonstrates that the wing motion itself is not enough to stabilize a flapping wing flyer. Bluman et al. (2018) use these results to explain why the experimentally observed wing pitch kinematics of hovering fruit flies (Fry et al. 2005) do not confer any stability when simulated with rigid wings. When the pitching motion observed from an insect, which itself results from wing flexibility, is reproduced using a rigid wing simulation, the stability benefits are not seen. The true source of these benefits – that is the ability to adjust the wing shape and its dynamics under some perturbation – is not simulated. 

3.7 Summary and Concluding Remarks

The stability in hovering as well as during transition from hovering to forward flight is particularly important for feeding (Liu et al. 2016), hunting (Combes et al. 

2010; Windsor et al. 2014) and in evasive manoeuvres (Alexander 2002; Hedrick

2011) in nature, as well as practically relevant for MAVs having a wide range of mission roles (Shyy et al. 2013; Shyy et al. 2016). It was shown that rigid wings
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provide little or no stability. Flexible wings, however, react to perturbations with advantageous passive shape adaptations, making the hover equilibrium linearly stable. A flexible wing produces smooth passive pitch rotations that not only stabilize flight, but require less energy for wing actuation. On the other hand, many insects are physiologically capable of actively pitching their wings with the help of their wing root musculature (Bäumler et al. 2018; Büsse et al. 2015; Deora

et al. 2017; Dickinson et al. 1993; Neville 1960), however, whether flying insects rely on active pitch control and to what extent is debatable (Bergou et al. 2007; 

Ennos 1988). Considering MAV flight control, the extent of active pitch necessary for stable flight with the least energy cost is yet to be clarified. 

4 Aerodynamic Interactions of Tandem Winged Systems Based

on Dragonflies

Dragonflies are among the most agile flying insects (Bode-Oke et al. 2018; 

Combes et al. 2012); they move each of their wings individually and change the interactions between forewings and hindwings instantaneously and continu-

ously(Alexander 1984). Observations on free-flying dragonflies reveal that in-phase flapping generates high aerodynamic forces for quick, demanding manoeuvres or take-off, while out-of-phase flapping is favoured for steady flight and hovering (Alexander 1984; Azuma & Watanabe 1988; Berman & Wang 2007; 

Norberg 1975; Rüppel 1989; Wakeling & Ellington 1997; Wang et al. 2003). 

Figure 4.1 shows the wings of a tethered dragonfly that executes flapping kinematics, typical for slow forward flight. In Figure 4.1, the course of the flapping positional angles of the wings and the geometric AoA at the mid-span are also given. The wing sections of 25%, 50% and 75% span are shown by painted white, yellow and white lines, respectively. 

Previous investigations revealed essentially two types of interaction mechanisms between the forewing and the hindwing of dragonflies (Lian et al. 2014; 

Salami et al. 2019). When the forewing alters the incoming flow that is faced by the hindwing, it is defined as a downwash effect. On the other hand, the forewing also sheds complete vortical elements in its wake that result in interwing vortex interactions. A dragonfly’s relatively long wing AR also results in highly complicated aerodynamic features along the spanwise direction. 

Numerical (Lan & Sun 2001; Sun & Lan 2004; Wang & Russell 2007) and experimental (Hu & Deng 2014; Maybury & Lehmann 2004; Usherwood & 

Lehmann 2008) studies of hovering flight using either horizontal or inclined strokes have shown the downwash effect to be detrimental to vertical force generation. Downwash attenuates hindwing LEV circulation (Maybury & 

Lehmann 2004) in the case of forewing-led phasing. In the case of hindwing-
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Figure 4.1 Typical wing kinematics of a dragonfly in slow forward flight mode (via tethered measurement). (Unpublished by authors). 

led phasing, however, hovering with all four wings consumes 22% less power than hovering with just two wings (Usherwood & Lehmann 2008). 

One of the key attributes of a flapping wing in generating lift is the delayed stall by the LEV, which can result in a substantial aerodynamic force for a flapping wing system (Dickinson et al. 1999; Dickinson & Gotz 1993; Ellington et al. 

1996). The LEV generates a low-pressure area, which results in an increased suction force on the wing surface (Birch et al. 2004; Sane 2003; Shyy & Liu

2007). Direct vortex interactions could advance or delay LEV formation and shedding and, at the same time, strengthen or attenuate LEV circulation. 

Maybury and Lehmann (2004) and Rival et al. (2011) experimentally revealed that a TEV shed by the forewing promotes the formation of the hindwing LEV in the case of 90° phasing of the wings. Hsieh et al. (2010)

performed 2D numerical simulation and explained that the increase in hindwing thrust at 90° phasing is due to the fusion of the forewing downstroke TEV with the LEV of the upstroking hindwing. In a counter-stroking set-up, however, 
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a similar vortex fusion amplifies the lift generated by the downstroking hindwing (Hsieh et al. 2010). Furthermore, experimental (Hu & Deng 2014) and numerical (Xie & Huang 2015) studies showed that the forewing TEV and the hindwing LEV interact synergistically if they are formed in close proximity. 

Additionally, Broering et al. (2012) concluded from their 2D numerical simulation of forward flight that at a system level, the tandem configuration produces a large thrust with a high propulsive efficiency but at the cost of lift efficiency when the wings are flapping in phase. Differently, a 90° or 180° phase flapping cycle greatly reduces the power consumption at the expense of thrust production (Broering et al. 2012). Zheng et al. (2015, 2016a, 2016b) studied the underlying interaction features of pitching and plunging wings that are either flexible or rigid while hovering (Zheng et al. 2016a), and both while hovering and in forward flight (Zheng et al. 2015, 2016b) at critical time instances when large force modulation occurred as a result of aerodynamic interactions. They also found synergy between the forewing TEV and the hindwing LEV when the two wings were flapping in phase. When the wings were flapping out of phase, the TEV shed by the forewing could either enhance the hindwing LEV (when their spins were opposite) or attenuate it (when their spins were the same) upon reaching the hindwing. They also showed that in some cases, the flow induced by the forewing LEV could increase the hindwing’s effective AoA, resulting in an earlier LEV formation. 

These previous investigations could uncover particular interaction scenarios that depend on the applied kinematics and geometrical set-up of the wings; however, less attention was paid to the spanwise variance of interaction features of the high-AR wings of dragonflies. Furthermore, previous parametric studies generally applied rigid wing modelling or simplified wing kinematics and the aerodynamic effects of changing the studied parameters were investigated in isolation. Dragonfly wings are highly complex, flexible structures (Combes

2010; Combes & Daniel 2003b; Sunada et al. 1998). Furthermore, what we see as the flapping of the wings is a sophisticated motion composed of three rotational motions (flapping, pitching and deviation – Figure 1.2) controlled simultaneously. This complexity makes it necessary to investigate dragonfly aerodynamics using live specimens to obtain a deeper understanding of dragonfly aerodynamics for aircraft design (Chin & Lentink 2016; Hedrick et al. 2015). 

A few groups have attempted full-span qualitative and quantitative studies involving live dragonflies (Bomphrey et al. 2016; Reavis & Luttges

1988; Somps & Luttges 1985, 1986; Thomas et al. 2004; Yates 1986). 

Thomas et al. (2004) studied the aerodynamics of tethered and free-flying dragonflies qualitatively using smoke visualization in a wind tunnel whereas

Bomphrey et al. (2016) did so using particle image velocimetry (PIV). 
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Thomas et al. (2004) reported that the forewing LEV spans from wingtip to wingtip, while the hindwing typically exhibits attached flow. However, Lai

and Shen (2012) hypothesized that the LEV extending over the body could be caused by the wind tunnel flow and the tilted body alignment of the dragonfly during take-off. Hence, Hefler et al. (2018) studied dragonflies in vivo in a still air flight chamber to decouple the possible influence of headwind. 

In this section, we present the wing-wing aerodynamic interactions of a dragonfly Pantala flavescens in a spanwise resolved manner that helps highlight specific features of this high-AR, root-flapping wing system (Hefler et al. 2020; 

Hefler et al. 2018). Previous studies found that when the hindwing is leading the phasing by approximately 90° (in slow to moderate forward flight or while hovering), the interaction between the forewing and the hindwing significantly affects only the hindwing (Broering et al. 2012; Hsieh et al. 2010; Hu & Deng

2014; Maybury & Lehmann 2004; Rival et al. 2011; Xie & Huang 2015; Zheng

et al. 2016a, 2016b). Therefore, regarding wing-wing interactions in normal slow forward flight and hovering, we evaluate how the presence of the forewing affects the hindwing. 

4.1 Flow Features during Slow Forward Flight and Hovering

During slow forward flight and hovering, dragonflies adopt an approximately quarter cycle hindwing lead phasing and a horizontal or slightly inclined body posture (Azuma & Watanabe 1988; Norberg 1975; Wakeling & Ellington

1997). Hefler et al. (2018) also observed that in this flight mode, the hindwing typically flaps more to the ventral side than the forewing. 

Particle image velocimetry flow measurements on tethered dragonflies

found distinct interaction features in the inner and the outer span for the typical case of quarter-cycle hindwing-led phasing (Hefler et al. 2018). 

These regions along the span cannot be clearly isolated as transition regions border them. Two transitions are reported in the root region and in the mid-span region, respectively. Figure 4.2 shows the four regions and a 3D schematic of the flow structures as reported in Hefler et al. (2018): the root region, the inner region, the transition region and the outer region. Lastly, a recent numerical study reported span-resolved aerodynamic forces related to the varied interaction features along the wingspan (Hefler et al. 2020). 

A distinct LEV-LEV interaction has been identified in most parts of the inner half of the hindwing span of the dragonfly (Hefler et al. 2018). 

Differently, on the outer span, the hindwing captures the forewing-shed TEV (Hefler et al. 2018). Figure 4.3 presents the process of the vortex

[image: Image 19]
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Figure 4.2 Particle image velocimetry flow measurement of cross sections along the span of a dragonfly. On the left side is the definition of the hindwing span (SHW), and the root (red), inner (yellow), transition (green) and outer (purple) regions. On the right is a schematic of the characteristic interactions and the 3D flow structures over the span. FW, HW, US and DS denote forewing, hindwing, upstroke and downstroke, respectively. Adapted from Hefler et al. 

(2018) with permission of the Journal of Experimental Biology. 

interaction measured in the inner span at 18% from the wing root during downstroke and the outer span vortex capture at 78% span in a similar manner. 

The LEV-LEV interaction is facilitated by the dynamic cambering of the forewing as well as the short distance between the wings in the translational phase of the flapping cycle. The dynamic cambering during the stroke reversal of the forewing allows the forewing LEV to be sustained and shed along the pressure side (e.g. the bottom surface during downstroke) of the forewing well after the stroke reversal. Due to the hindwing-led phasing, this shedding forewing LEV moves next to the LEVof the hindwing, making energy transfer between the shear layers possible. By measuring the circulation of the hindwing LEV with and without the effect of the forewing, Hefler et al. (2018)

established that the modulation of the hindwing LEV circulation depends on
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the distance between the translating wings during the interaction. They reported that a little over 20% circulation boost could be achieved at the wingspan where the distance between the translating wings is most optimal. 

On the other hand, when the distance was inadequate to allow for a strong interaction effect between the LEVs, the hindwing LEV circulation was attenuated substantially. Using Navier-Stokes equations-based computational modelling utilizing high-resolution wing shape measurement of a free-flying dragonfly, the LEV-LEV synergy was found to cause substantial force modulation in the mid-span (Hefler et al. 2020). The effect of the synergic interaction can be seen by comparing the iso surfaces of Q-criterion, and the non-dimensional pressure distribution on the top and bottom surface of the hindwing with and without the presence of the forewing (Figure 4.4). 

In their experimental study, Zheng et al. (2016b) presented a similar interaction scenario in forward flight using rigid robotic wings. However, in their study, the wings could only perform pitching and plunging motions. Therefore, the distance between the forewing and hindwing was always the same, resulting in similar flow structures across the span of the wings. Their system was thus different from a natural dragonfly flapping wing system, which is in fact a root-flapping tandem-wing system. 

In the outer region (Figure 4.3), the formation of the hindwing LEV is delayed or even suppressed by the downwash effect of the forewing. The hindwing, however, is able to form an LEV in the last quarter of the stroke via vortex capture. This vortex capture is essentially different from wake capture, in which the wing utilizes the flow of its own vortical structures shed during stroke reversal (Birch & Dickinson 2003; Dickinson et al. 1999; Lehmann

et al. 2005). Vortex capture could provide a useful aerodynamic force and a momentum that eases the pitching motion of the wing (Lehmann 2008). The capture of the forewing TEV was also found in numerical simulation (shown in Figure 4.5) of a free-flying dragonfly (Hefler et al. 2020). Further to the capture mechanism, the 3D flow field of the numerical model revealed that the positioning of the ‘tail’ of the shed TEV of the forewing and the hindwing is such that it facilitates the formation of a narrow jet in the wake, resulting in a particularly large thrust gain by the tandem winged system (Hefler et al. 

2020). 

Hsieh et al. (2010) also reported vortex capture while the wings were counter-stroking. However, in their 2D numerical study, a TEV-LEV pair formed simultaneously by the forewing from which the TEV was captured by the hindwing. Because of this interaction, the hindwing lift was boosted to 109% of the single-wing maxima for a short period of time at the end of the upstroke (Hsieh et al. 2010). Zheng et al. (2016b) also showed that the
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Figure 4.3 Vortex interactions in the inner span and the outer span measured by particle image velocimetry. FW, HW, US and DS denote forewing, hindwing, upstroke and downstroke respectively. Black arrows indicate the wing motion. 

A schematic diagram shows the interaction mechanisms for an easier

interpretation of the presented flow fields. Adapted from Hefler et al. (2018) with permission of the Journal of Experimental Biology. 

counter-stroking hindwing can capture and utilize the TEV of the forewing during forward flight. In their study, the forewing TEV was captured about halfway through the stroke. They found that the vortex capture generated a force that was as high as that from the LEV-LEV interaction (about 39%) in the case of 90° wing phasing (Zheng et al. 2016b). This suggests that an LEV-LEV vortex synergy and the vortex capture could be equally important tools for dragonflies that can result in comparable force gains. This observation is

[image: Image 21]
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Figure 4.4 The LEV-LEV synergy and its effect on the hindwing by comparing flows and surface pressures of a free-flying dragonfly in solo hindwing flight and tandem winged flight. The numerical results are based on the high-resolution direct linear transformation technique kinematics and wing morphological measurement of a free-flying dragonfly. (a) Iso surfaces of Q-criterion (Q = 1.2 coloured by Y-vorticity to indicate direction; red is positive and blue is negative). (b) Iso surfaces of Q = 1.2, streamlines and non-
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also supported by recent numerical investigation of Hefler et al. (2020). Xie

and Huang (2015) also observed vortex capture at 135 and 270° phasing. 

Different from the current findings, however, the vortex shed by the forewing interacted with the hindwing after its stroke reversal and induced the formation of a new LEV during the next stroke. Xie and Huang (2015) used 2D

modelling and linked the interaction scenarios to the effect of wing phasing but not to the different regions of root-flapping wings. 

By measuring the flow field relatively close to the wing root, Hefler et al. (2018)

also found that in the root region, the LEV-LEV interaction was not yet present. 

The wings essentially operate as one slotted wing despite flapping out of phase. 

The LE of the forewing guided and distributed the incoming flow while forming a weak LEV (Figure 4.6). The hindwing, however, did not generate an LEV. 

A TEV was created by the pitching motion of the hindwing. The upstroke and downstroke counter-rotating hindwing TEVs formed a narrow, reverse von Kármán vortex street that induced a streamwise jet. Moving away from the root, the phased operation of the wings increases the size of the gap between the wings, allowing the hindwing LEV to form and the LEV-LEV interaction to take place. 

Therefore, the region closest to the root can be considered as a transition from a slotted single wing-like set-up to the previously described inner span region dominated by the LEV-LEV interaction. 

Another transition was found around the mid-span between the region of the LEV-LEV interaction and the region where the vortex capture takes place (Hefler et al. 2018). Here, despite having no direct interaction with the shed vortex, the hindwing moves through the flow induced by the forewing, which has a substantial streamwise component (Figure 4.6). This streamwise flow reduces the effective AoA of the hindwing and suppresses LEV formation (Hu

& Deng 2014; Maybury & Lehmann 2004; Sun & Lan 2004). These aforemen-tioned works did not connect the forewing downwash effect to any particular region of the wings. 

Caption for Figure 4.4 (cont.)

dimensional absolute velocity; and pressure distribution on the top (C–D) and bottom (E–F) wing surface close to the end of the downstroke of the hindwing in solo (A–C–E) and tandem mode (B–D–F). The wings’ motion is indicated by yellow arrows, and the mid-span is highlighted by the pink line for reference. 

t/T is the dimensionless time, where T is the period and t = 0 at the start of the downstroke of the forewing in the first flapping cycle. IvI is the velocity magnitude at the mid-span cross section. Reprinted from Hefler et al. (2020), 

with the permission of AIP Publishing. 
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Figure 4.5 The combined effect of the previous LEV-LEV synergy and vortex capture on the hindwing by comparing flows and surface pressures of a free-flying dragonfly in solo hindwing flight and tandem winged flight. The numerical results are based on high-resolution direct linear transformation technique kinematics and wing morphological measurement of a free-flying dragonfly. (a) Iso surfaces of Q-criterion (Q = 1.2 coloured by Y-vorticity to indicate direction; red is positive and blue is negative). (b) Iso surfaces of
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4.2 Implications of Wing Flexibility in Facilitating Wing-Wing

Interactions

Experimental and numerical investigations using rigid wings in tandem laid down some of the fundamental knowledge about inter-wing aerodynamic

effects. It was shown that a rigid wing can induce a strong TEV in its wake. 

The TEV of the forewing can interact with the LEV of the hindwing (Broering

et al. 2012; Hsieh et al. 2010; Hu & Deng 2014; Maybury & Lehmann 2004; 

Rival et al. 2011; Xie & Huang 2015; Zheng et al. 2016b). This kind of TEV-LEV interaction can strengthen the hindwing LEV. On the other hand, 

a dragonfly wing is flexible, and its shape is the result of the dynamic balance between the wing’s inertia, stiffness and the aerodynamic force exerted on it (Combes & Daniel 2003a, 2003b; Kang et al. 2011). A compliant wing adapts its shape to the flow field and does not shed as much vorticity from the TE as a rigid wing does (Fu et al. 2018; Heathcote & Gursul 2007). Hence, a flexible wing has less TE-induced vorticity, allowing sufficient space for the forewing LEV and the hindwing LEV to interact. 

In natural dragonflies, the LEV of each wing starts to shed along the wing surface while the wing is pitching at the end of a stroke; it then moves towards the TE on the wing’s pressure side and initiates the TEV formation of the next stroke (see Figure 4.3). The LEVs after stroke reversal would be quickly broken down by the translational motion of a rigid wing (Maybury & Lehmann 2004), 

while a new LEV-TEV pair would be formed by the next stroke. In contrast, a compliant wing membrane would envelop the shedding LEV (Figure 4.3) on the pressure side of the wing, conserving it. Free-flight measurements of dragonflies in a wind tunnel also confirm that rather than forming a distinct starting vortex simultaneously with the LEV, a sheer layer forms behind the TE

that rolls up, under Kelvin-Helmholtz instability, into a series of transverse vortices with circulation of opposite sign to the circulation around the wing and Caption for Figure 4.5 (cont.)

Q = 1.2, streamlines and non-dimensional absolute velocity; and pressure distribution on the top (C–D) and bottom (E–F) wing surface during the upstroke of the hindwing in solo (A–C–E) and tandem mode (B–D–F). The wings’ motion is indicated by yellow arrows, and the mid-span is highlighted by the pink line for reference. t/T is the dimensionless time, where T is the period and t = 0 at the start of the downstroke of the forewing in the first flapping cycle. 

IvI is the velocity magnitude at the mid-span cross section. Reprinted from

Hefler et al. (2020), with the permission of AIP Publishing. 
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Figure 4.6 Transient flow features in the root region and the transition region measured by particle image velocimetry. FW, HW, US and DS denote forewing, hindwing, upstroke and downstroke, respectively. Black arrows indicate the wing motion. A schematic diagram shows the interaction mechanisms for an easier interpretation of the presented flow fields. Adapted from Hefler et al. 

(2018) with permission of the Journal of Experimental Biology. 

LEV (Thomas et al. 2004). The lack of presence or delayed formation of the TEV leaves space for the forewing LEV and the hindwing LEV to interact in dragonflies to promote hindwing LEV circulation. 

4.3 Wing-Wing Interactions during Free Flight

It is important to assess how representative the flow features observed in tethered flight experiments are of those displayed during unrestricted flight. Hefler et al. 
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(2018) conducted free-flight measurements on the same species of live dragonflies to support their findings. Ensuring that measurements are taken from precise locations of the wing is difficult when working with free-flying specimens. 

Nevertheless, the characteristic regions that were identified using tethered experiments are wide enough for an observer to determine to which region a particular free-flight measurement belongs. Free-flight measurements did confirm that the LEV of the forewing interacts with the hindwing in a way that it feeds the sheer layer of the LE of the hindwing (Hefler et al. 2018). Regarding the inner span during slow forward flight and hovering, this observation somewhat contradicts the previous findings by Hu and Deng (2014) and Maybury and Lehmann (2004) that the TEV of the forewing would be the major player in the inter-wing direct vortex interactions. It is possible, however, that under different flight conditions when headwind exists, or during take-off and extreme mid-air manoeuvring, the forewing could develop a strong TEV that consequently interacts with the hindwing primarily instead of the forewing LEV. 

Thomas et al. (2004) and Bomphrey et al. (2016) recorded the flight of dragonflies in a wind tunnel during steady flight and manoeuvring. The commonly observed flow dynamics of ‘normal free flight’ were characterized by an LEV on the forewing during downstroke, attached flow on the forewing during upstroke and attached flow on the hindwing throughout (Figure 4.7). 

Additionally, Thomas et al. (2004) reported a number of other aerodynamic patterns such as the formation of a hindwing LEV, attached flow on the forewing and even stalled flow that points out the complexity that exists in tandem winged insect flight in an environment where external flow exists. 

Regarding the outer span, free-flight flow field measurements suggest that the successful capture of a shed forewing vortex is dependent on the flight direction (Hefler et al. 2018). For example, in descending flight shown in

Figure 4.8, the vortex that is shed by the forewing above the dragonfly (FW DS TEV) moves away from the direction of flight so that the hindwing is less able to capture and utilize it during its upstroke. On the other hand, the downstroking hindwing is more likely to capture the vortex that is shed by the forewing below the dragonfly (FW US TEV) as it flies towards it (Figure 4.8). 

4.4 Summary and Concluding Remarks

Several works have aimed to characterize insect-scale tandem wing flapping flight. Experimental and numerical studies have established a strong background for numerous possible interaction scenarios according to the wide range of possible kinematic and geometrical set-ups as well as external
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Figure 4.7 Flapping wing aerodynamics of a dragonfly with a leading-edge vortex over the forewings and thorax and attached flow over the hindwings. (a) Topology of the leading-edge vortex of dragonfly as described by Thomas et al. 

(2004). (b) Cross section of the flow at the centre line of the body measured by particle image velocimetry, with instantaneous streamlines visualized by line integral convolution. (c) Time course of the measured flow field around the forewings (yellow) and hindwings (grey) with the laser sheet incident at approximately 45% of the wing’s length from hinge to tip. The leading-edge vortex on the forewing is observed clearly, while the flow remains attached to the hindwing. Adapted from Bomphrey et al. (2016). 

environmental conditions. Modulation of the generated aerodynamic forces by these interaction scenarios can be substantial(Hefler et al. 2020; Hu & Deng

2014; Maybury & Lehmann 2004). 

Investigating 3D root-flapping flexible wing set-ups that incorporate the conscious adjustments of flapping kinematics seems impossible. Using live specimens has inherent difficulties as well. Nevertheless, dragonflies, as the most agile and versatile tandem winged species, have been successfully studied experimentally in recent years (Bomphrey et al. 2016; Chen et al. 

2013; Hefler et al. 2020; Hefler et al. 2018; Huang & Sun 2007; Kumar et al. 

2019; Thomas et al. 2004). These works present interesting new findings and aspects. 
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Figure 4.8 Free-flight flow features measured by particle image velocimetry in the outer span of a descending dragonfly. The outer span vortex capture only
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During out-of-phase flapping in still air – that is the normal mode for forward flight and hovering – the interaction mechanisms vary along the wingspan of the high-AR wings of dragonflies (Hefler et al. 2020; Hefler et al. 

2018). Near the root, the wings form a combined aerodynamic surface. In the inner span, an LEV-LEV vortex interaction takes place, while in the outer span, a forewing-hindwing vortex capture mechanism is observed. There is a transition between the inner and outer span dominated by downwash. When flying in a headwind, direct vortex interactions become less dominant. 

Attached flow on the hindwing and a tip-to-tip LEV on the forewing in normal mode among other less frequent flow patterns of manoeuvring flights have been observed during wind tunnel flights (Bomphrey et al. 2016; 

Thomas et al. 2004). 

Wing flexibility contributes to the facilitation of direct vortex interactions (Hefler et al. 2018). The flexible wing of a dragonfly conserves and channels the shedding LEV on the pressure side of the wing well after stroke reversal. The formation of a starting vortex is also delayed and less dominant, allowing for an LEV-LEV interaction that can boost hindwing LEV circulation. 

The modulation of the hindwing LEV circulation along the wingspan

relates to the distance between the translating wings in a given spanwise distance (Hefler et al. 2018). A set wing phasing defines the gradual increase of the distance between the wings from root to tip, but not the distance during any given flapping half-cycle; that is also a function of the actual range of flapping positional angle of both wings. A more general characterization and parametric examinations of the spanwise variance of the wing-wing interaction effects considering not only the wing phasing, but also the individual set of the flapping positional angles of each wing are expected in future studies. 

Caption for Figure 4.8 (cont.)

occurs during the downstroke of the hindwing, in which case the descending flight direction is towards the trailing edge vortex of the forewing, unlike during the upstroke of the hindwing, in which case the dragonfly moves away from the trailing edge vortex previously shed from the forewing. FW, HW, US and DS

denote forewing, hindwing, upstroke and downstroke, respectively. Black arrows indicate the wing motion. Adapted from Hefler et al. (2018) with permission of the Journal of Experimental Biology. 
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5 Effects of Aspect Ratio on Flapping Wing Aerodynamics

The unsteady 3D fluid physics associated with flapping wing aerodynamics have been probed in a large number of previous studies (Chin & Lentink 2016; Platzer

et al. 2008; Sane 2003; Shyy et al. 2013). Several unsteady 3D mechanisms that are responsible for enhancing the lift of a flapping wing are notably delayed stall of an LEV (Ellington et al. 1996) and recapturing of its own wake (Dickinson

et al. 1999), as discussed in Section 1. Both phenomena depend strongly on the wing kinematics as well as the flow parameters such as the Reynolds number. For example, the LEV can be stabilized by spanwise flow in its core at a high Reynolds number and by induced flow by the TiV at a low Reynolds number (Shyy et al. 2013). 

In fixed-wing aerodynamics, the AR is one of the key parameters characterizing the 3D flow mechanisms. It is established that more force per area and higher efficiency can be obtained with high-AR wings while low-AR wings suffer from induced drag due to TiVs. On the other hand, many biological flyers tend to have lower-AR wings operating at high AoAs in the low-Reynolds-number regime, still capable of generating aerodynamic forces efficiently (Shyy et al. 2013). With such flying characteristics, the low-Reynolds-number unsteady wing motions create interesting phenomena deserving of in-depth investigation. 

Studies of AR effects on rotating/flapping wings undergoing unsteady motions have been conducted both experimentally (Carr et al. 2013; Carr et al. 2015; Fu

et al. 2014; Han et al. 2015; Kruyt et al. 2014; Kruyt et al. 2015; Ozen & Rockwell

2013; Phillips et al. 2015; Usherwood & Ellington 2002) and numerically (Garmann & Visbal 2014; Harbig et al. 2014; Luo & Sun 2005). A continuous vortex loop formed by a stably attached LEV, a TiV and a TEV is observed (Carr

et al. 2013; Garmann & Visbal 2014; Harbig et al. 2014). The LEV gradually lifts off the wing surface and shifts aft as the AR increases, resulting in LEV breakdown and detachment at the outboard region of slender wings (Carr et al. 2013; Fu

et al. 2014; Phillips et al. 2015). Fu et al. (2014) studied the LEV structures, stability and circulation for rotating wings with varied ARs. The LEV structures were likely to be dominated by the chord-normalized dimensionless distance from the rotation centre. Kruyt et al. (2015) showed that the LEV remains attached at a high AoA within four chord lengths of the local radius and separates further outboard on wings with AR higher than 4. On the other hand, the slender wing simultaneously brings on a decreased 3D effect and an increased LEV

breakdown, leading to a modest influence of AR on the lift and drag forces (Luo & 

Sun 2005; Usherwood & Ellington 2002). Overall, the AR’s role in the aerodynamic performance of a flapping wing is to be clarified. 
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Most studies in low-AR flapping wing aerodynamics have focused specifically on aerodynamic force generation due to the LEV and TEV. In this section, we discuss additional physical mechanisms associated with AR effects in the operation of flapping wings. Firstly, we consider the interplay between the wing kinematics, TiV and aerodynamic force generation at a fixed AR (Shyy et al. 

2009). Then, we consider the role of the AR in the resulting vortex dynamics. 

5.1 Tip-Leading-Edge Vortex Dynamics

Tip vortices associated with fixed finite wings are traditionally seen as phenomena that decrease lift and induce drag (Anderson 2011). For low-AR flapping wings, Shyy et al. (2009) discovered that TiVs can increase lift both by creating a low-pressure region near the wingtip and by anchoring the LEV to delay or even prevent it from shedding when a large-amplitude pitching motion is delayed. For small-amplitude, synchronized pitching motions, the LEV remains attached along the spanwise direction and the tip effects are not prominent; in such situations, the aerodynamics are little affected by the AR of a wing. 

Shyy et al. (2009) considered a rigid wing with a prescribed plunge motion with an amplitude normalized by the chord ha/c and an active pitching motion with an amplitude αa and a phase lag φ between the pitching and plunging motions. The role and implications of changing kinematic parameters on the aerodynamics of such a wing and the associated 3D fluid physics were illustrated with two representative cases: (i) a large-amplitude, delayed rotation which sees that the pitching motion lags that of the translation (plunging) motion (2 ha/c = 2.0, αa = 45° and φ = 60°); and (ii) a small-amplitude, synchronized rotation where the pitching and translation are in phase (2 ha/c =

3.0, αa = 80° and φ = 90°). The AR based on the distance between the wing root and tip is 2, and the Reynolds number of 100 is based on the chord and the maximum plunge velocity. Shyy et al. (2009) observed that the flow structures and the aerodynamics are significantly different between these two cases, largely due to the impact of the TiVs. In contrast to the delayed rotation, the synchronized rotation with low AoAs can largely negate the effect of the TiVs. 

Figure 5.1 compares the vorticity contours of the 2D case with the 3D

simulations at mid-span and the tip at the end of the stroke for a delayed rotation case. Unlike the 3D simulation, the 2D case eliminates any possible TiV effects. 

Two kinematic patterns are shown; the left case depicts qualitatively different time histories in lift between an infinite (2D) and a finite (3D) wing, while the right case demonstrates that the lift history of an infinite wing can closely mimic that of a low-AR finite wing. The difference in the flow physics encountered due to 3D phenomena is noticeable. Through the entire stroke, it is seen that the shed vortices are more dissipative in 3D. Shyy et al. (2009) also observed the
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Figure 5.1 Z-vorticity contours at the end of the stroke of the (top) delayed rotation case and (bottom) synchronized rotation case. Results of a comparative study of 2D and 3D computational fluid dynamics. Adapted from Shyy et al. 

(2009). 

behaviour of the vortices changes, as evidenced by the snapshots at different time instances in the stroke. In 2D, the stroke starts by running into the previously shed vortices, whereas in 3D, the rotational starting vortex (RSV) is shed above the plane of translation and convected away from one another due to the influence of the tip vortices. The variation along the spanwise direction is weak, and the differences between the 2D and 3D simulations are small. 

A perspective of the 3D spanwise variation is given in Figure 5.2, where the second invariant of the velocity gradient tensor, the Q criterion (Shyy et al. 

2009), is shown to illustrate the vortical nature of the flow. The spanwise variation in the 3D case shows remarkable changes in the aerodynamic load-ings. The RSVs stay anchored at the tips. The non-dimensional lift per unit span due to pressure versus the 2D equivalent suggests that the TiVs can enhance the lift for the majority of the stroke cycle. For the synchronized rotation case, the lift response is almost uniform across the rest of the wing. The flow features do not feature much variation in the spanwise direction compared to the delayed rotation case. The high angular amplitudes lead to low AoAs and, coupled with the timing of the rotation, lead to a flow that not only lacks a dominant response due to the TiVs, but also does not experience delayed stall as the formation of the LEV is not promoted. The timing of the rotation for this example puts the flat plate at its minimum AoA at maximum translational velocity, while the translational velocity is zero when the flat plate is vertical. 
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Figure 5.2 The lift per unit span and iso- surfaces ( = 0.75) snapshots of (left) the delayed rotation and (right) synchronized rotation cases at the mid-stroke. The spanwise variation in forces is compared with the 2D equivalent marked for reference. Computational fluid dynamics results. Adapted from Shyy et al. (2009). 

The instantaneous lift coefficient for the two cases examined is illustrated in

Figure 5.3. In the first case – that is delayed rotation – Shyy et al. (2009)

suggested that the TiVs played a dominant role in the aerodynamic loading, and in particular the lift was enhanced significantly near the wingtips because of the presence of strong TiVs as well as their secondary influence of anchoring the RSVs. Compared to an infinite wing, the TiVs caused added mass flux across the span of a low-AR wing, which helps push the shed RSVand TEVat mid-span away from one another. Furthermore, a spanwise variation occurs in the effective AoA induced by the downwash, stronger near the tip. Overall, the TiVs allowed the RSVs in their neighbourhood to be anchored near the wing surface, which promotes a low-pressure region and enhances lift. On the other hand, the aerodynamic loading of a low-AR wing is well approximated by the 2D calculations for the synchronized rotation case. 

Unlike traditional fixed-wing aircraft, the TiVs of a low-AR flapping wing can either promote or make little impact on the aerodynamics. The timing of the
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Figure 5.3 Instantaneous 2D and 3D lift histories for (left) delayed rotation and (right) synchronized rotation. Here, T denotes a flapping period. The time instance t/T = 0.75 corresponds to the start of the forward stroke and t/T = 1.25. 

Adapted from Shyy et al. (2009). 

rotational motion of the wings in relation to the translational motion affects how strong the 3D TiV effects are. 

5.2 Vortex Evolution for Low- and Intermediate-AR Wings

The low-AR wing vortex dynamics, including the LEV, the TiV and the interaction between them, was further studied by Fu et al. (2017) using PIV

measurements on rotating wings in still water. The wingtip-based Reynolds number was kept at Re = 5.3 × 103 and the AoA at α = 45°. The wing AR was varied between 1 and 4. 

The vortical features of the 3D unsteady flow around the rotating wings are illustrated in Figure 5.4. For each wing planform, an LEV forms and is attached to the leeward side near the LE, while a TEV gradually detaches from the wing. 

The size of the LEV increases along the span up to the wingtip. The LEVs encounter significant growth as the wing rotates from φ = 30° to φ = 60° and remain stably attached in the leeward side near the LE with coherent vortex structures maintained with the exception of the case of φ = 60° for AR = 2 and 4. 

The size of the LEV grows as the AR increases. The shrinking of the LEV near the wingtip is due to the presence of the TiV, and the underlying mechanism is described further in what follows. 

[image: Image 29]
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Figure 5.4 Slices of normalized spanwise vorticity fields against the span for AR = 1, 2, and 4 flat plates at azimuthal angles φ = 30°, 60° and 90°. Particle image velocimetry experimental results. Adapted from Fu et al. (2017) Reprinted by permission of the American Institute of Aeronautics and Astronautics, Inc. © AIAA. 

In previous studies on the effects of AR (Carr et al. 2015; Fu et al. 2014; 

Phillips et al. 2015), the LEV structure was described with the dimensionless length z *

b

= z/b, with the wingspan b as the reference length to normalize the

local radius z. However, Fu et al. (2017) show that the flow typology became similar across the considered ARs between 1 and 4 when the flow features were described with z *

c

= z/c = AR zb, where c is the chord, as shown in Figure 5.5, 

suggesting the existence of a key scaling parameter that includes the effects of the AR. In the inner span region, the centre of the LEV moves along

a dimensionless trajectory when normalized by the wing chord. In the outer span region, the trajectory is influenced by the TiV and in turn by the AR. For a wing having a larger AR, the region affected by the TiV is smaller in relation to
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Figure 5.5 Leading-edge vortex centre trajectories in the wing-based

coordinate at azimuthal angles at (a) φ = 30°, (b) φ = 60° and (c) φ = 90°. The wing-based coordinate is illustrated in (d). Adapted from Fu et al. (2017). 

Reprinted by permission of the American Institute of Aeronautics and Astronautics, Inc. 

© AIAA. 

the complete wing area. As already mentioned, and in contrast to a fixed wing, the TiVof a rotating (flapping) wing has a benign effect by anchoring the LEV to the wing surface in the inboard region via its downwash. At the late stage, the LEV breakdown on the high-AR wing yields the breakdown of the TiV, followed by lift-off of the LEV in the inboard region. 

The relation between the vortex dynamics and the velocity field was discussed by Fu et al. (2017) by considering the normalized downwash velocities (Figure 5.6). Whereas the downwash shows similar magnitudes for the wing with AR = 2 and AR = 4 at azimuthal angles φ = 30° and 60°, the wing with AR =

4 shows a noticeably smaller downwash magnitude than that of the wing with AR = 2 at φ = 90°. The downwash is associated with both the LEV and the TiV. 

Thus, it is difficult to tell apart their contributions. Fu et al. (2017) argue that the velocity deviation is attributed to the loss of the downwash induced by the TiV

when AR = 4, based on the finding by Fu et al. (2014) that the LEV circulation in the inner half span experiences little change as the wing rotates from φ = 60° to φ

= 90ůnder the same kinematics. During this deceleration phase, the outboard LEV breaks down on an AR = 4 wing, which causes the breakdown of the TiV. 

[image: Image 31]
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Figure 5.6 Downwash velocities for AR2 and AR4 at azimuthal angles (b) φ =

30°, (c) φ = 60° and (d) φ = 90° at z *

c

= 0.8. The downwash refers to negative

velocity in the x-direction. The ux transect AB in (b), (c) and (d) are indicated in (a) and highlighted in red. The black star represents the location of the leading-edge vortex centre. Particle image velocimetry experimental results. 

Adapted from Fu et al. (2017). Reprinted by permission of the American Institute of Aeronautics and Astronautics, Inc. © AIAA. 

Past TiV breakdown, the spatial similarity with respect to the AR in the x-direction breaks while in the y-direction the spatial similarity is maintained. 

This is because the downwash induced by the TiV vanishes with breakdown of the TiV, causing lift-off of the LEV on the wing with AR = 4. 

The fluid dynamic forces acting on the wings are shown in Figure 5.7. All planforms show a lift plateau at the early acceleration stage of the period due to the added-mass effect. Lower-AR wings experience a larger added-mass effect. 

However, a wing with a higher AR shows a larger lift coefficient afterwards, especially prior to the last quarter period when the LEV closely attaches on the wing. The average lift coefficient and the lift-to-drag ratio (Figure 5.7b) also increase with AR in the considered AR range, verifying the significant lift enhancement effect of the LEV and that the wing with higher AR benefits from more vortex lift due to the larger vortex structure in the outboard region. 

During the deceleration phase, the lift coefficient of AR4 rapidly decreases and becomes similar with that of AR2 afterwards, correlating to the LEV
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Figure 5.7 Fluid dynamic forces acted on the wing. (a) Time courses

of the lift coefficient during one period. (b) The change of the averaged lift coefficient and lift-to-drag ratio with AR. Adapted from Fu et al. (2017). 

Reprinted by permission of the American Institute of Aeronautics and Astronautics, Inc. 

© AIAA. 

detachment in the outboard region. The outboard detachment of the LEV results in a stall encountered in the outer span on AR4. 

Fu et al. (2017) note that efficiency reduces when the AR is further increased, because of the stall encountered in the outer span. These competing effects suggest the existence of an optimal AR which provides both high lift coefficient and high efficiency. The LEV breakdown and detachment lead to upward

migration of the local LEV centre towards the LE. Comparison of the LEV

centres at φ = 60° and φ = 90° in Figure 5.5 reveals that the upward migration occurs beyond z *

c

= 2.8, suggesting LEV detachment in this region. This LEV

detachment also can be seen by the vorticity field shown in Figure 5.4. Since the LEV detachment occurs at around z *

c

= 2.8, Fu et al. (2017) conclude that this

value can also offer a good estimate of the optimal AR under the investigated conditions. The estimated optimal AR matches with previous findings by Kruyt

et al. (2015), Han et al. (2015) and Lee et al. (2016). This value also matches the wing AR of some insect species such as fruit flies, honeybees and hawkmoths (Shyy et al. 2010). 

5.3 Summary and Concluding Remarks

Nature showcases an almost endless variety of wing sizes and forms. However, through evolution aerodynamic performance was not the only consideration. 

Wings may play an important role in mating (Alexander & Brown 1963) and provide camouflage or shielding (Combes 2010; Wootton 1992). The AR is
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generally used to consider shape variations when characterizing flapping wings. 

It is well understood that 3D effects on wing performance become less pronounced in the case of higher-AR wings. Accordingly, except for tandem wing set-ups, low-AR wings are utilized by more acrobatic fliers that rely strongly on unsteady aerodynamic mechanisms. 

Unlike a fixed wing, where TiVs decrease lift and induce drag, TiVs can increase lift for low-AR flapping wings via two mechanisms: by creating a low-pressure region near the wingtip, and by anchoring the LEV to delay or even prevent it from shedding when a large-amplitude pitching motion is delayed. For small-amplitude, synchronized pitching motions, the LEV

remains attached along the spanwise direction and the tip effects are not prominent; in such situations, the aerodynamics are little affected by the AR

of a wing. 

For a rotating 3D wing, the size of the LEV monotonically increases along the spanwise direction; it also grows as the AR increases. Near the wingtip, the LEV

interacts with the TiV and the interaction shrinks its size. 

Despite our already rich understanding of AR effects in flapping flight, most studies considered a rather narrow range of wing AR. With advancements in material science, it could soon be feasible to consider higher-AR flapping wing set-ups for MAVs without risking structural integrity. Furthermore, considering tandem wing set-ups, AR effects on wing-wing interactions are still to be researched. 

6 Perspectives and Future Outlook

In the previous sections, we have discussed four particular topics related to insect-scale flight focused on recent advancements in our theoretical understanding and characterization. Thanks to continuous support and interest within the academic and industrial research communities, we have been witnessing an accelerated progress in overall understanding and practical implementation of the subject matter. 

While insect-scale flyers experience highly varied flight conditions, their behaviours in aerodynamics as well as flight planning, sensing and control can be cast in a quasi-steady framework, taking the environmental fluctuations as time-dependent boundary conditions. However, higher-order averaging techniques may be needed to understand the dynamics of flapping wing flight and to analyse its stability. Although progress has been made to address the intrinsic interactions between flexible wing structures, flight stability and associated aerodynamics, more exploration is needed. In particular, with the rapid growth of data, machine learning techniques and non-physical, model-based control
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techniques can add significant value to our understanding and capabilities (Shyy

et al. 2016). 

As presented, a low-AR flapping wing also exhibits noticeably different behaviours compared to a fixed wing, including flow structures, much enhanced lift due to coherent vortical flow structures and related pressure effects, and spanwise variations including the possibly benign effect of TiVs. The coordin-ation between plunging, pitching and sweeping parameters is critical for aerodynamic performance of flapping wings. As highlighted, for a rigid wing, advanced rotation (ahead of the end of plunging) can enhance lift; however, for an insect-scale flyer, wing flexibility and passive pitching introduce aerodynamic benefits resulting in symmetric rotation and plunging to be preferred. 

The advancement in micro-scale structural and material design and fabrica-tion now enables us to engineer insect-scale flyers. Coupled with new insight gained from sensing and control research, highly controllable flight is now realizable for insect-scale flyers. For example, in a work dealing with nonwoven permeable light mats made of submicron-diameter nanofibers, Zussman et al. 

(2002) investigated drag in response to platform weight, average nanofiber diameter and porosity of the nonwoven mats. The results were compared to corresponding impermeable structures covered with plastic wrap. It was found that permeable platforms with holes on the order of several microns or smaller are essentially impermeable for airflow. Hence, there are many opportunities to design and optimize materials and structures to attain desirable aerodynamic performance. 

Looking forward, there is a clear need to investigate sensorimotor neurobiol-ogy, musculo-skeletal mechanics and flapping, flexible wing aerodynamics, stability and control in a coherent and unified framework. In contrast to conventional fixed-wing aircraft design, with aerodynamic derivatives and control laws designed and developed separately, insect-scale flyers require that sensors, motors, muscles, skeletons, wings and bodies, and their combined behaviour and performance, be investigated altogether. Such an integrated, bio-inspired flight system will shed new light on miniaturized-scale flyers’ characteristics and capabilities. There is great room for innovation in terms of developing future bio-inspired flyers capable of performing a wide range of missions, benefiting from light, flexible structures and materials and new aerodynamic understanding combined with real-time sensing and control with active and passive systems. 

Besides aerial vehicles, other opportunities abound. It is estimated that 90%

of the world’s wild plants and 30% of the world’s crops are cross-pollinated by bees, bats, birds and other insects. But as populations of bees drop due to colony collapse disorder (Lu et al. 2014), many researchers are turning to robotics as
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a possible alternative to help with mankind’s growing food needs (Van der

Schaft 2018). Swarms of autonomous robotic insects might provide a last-resort solution to a pollination crisis should we reach a critical point of mass extinction of insects (Chechetka et al. 2017; Spector 2014). 

Manta rays can travel great distances, while stingrays are uniquely adapted to move on the seabed. The mesmerizing swim of both species resembles flying underwater. The knowledge gained by studying flapping flight locomotion at the insect scale can also be utilized in design of underwater fin propulsive systems mimicking rays (Chew et al. 2015; National University of Singapore 2017). 

About 71% of Earth’s surface is covered by water. Oceans and seas have a crucially important role in our planet’s ecosystem. Oceans absorb heat and stabilize temperature, and aquatic plants and animals are an essential part of the global food chain. Oceans are equally important to our economy. Surprisingly, it is estimated that humans have managed to explore only about 5% of the ocean floor. Preserving our oceans is of global strategic interest. Proper surveying and a more complete exploration of our seas and oceans is urgent for a better understanding of this complex ecosystem to help in its preservation. 

Autonomous bio-inspired exploration units can greatly advance the mapping of the ocean floor and help monitor marine life without disturbing the natural habitat (Frame et al. 2018; Wodinsky 2018). Other practical applications may include underwater archaeological exploration, earthquake and tsunami hazard sites evaluation and assessment of dangerous underwater sites (war wreckage). 

Lightweight, self-stabilizing, flapping wing MAVs could follow atmospheric currents and be mass employed for air quality surveying and to aid meteorology studies and weather forecasting (Ristroph & Childress 2014). Besides the meteorological surveying of Earth’s atmosphere, with the help of bioinspiration and advancements of miniaturization, insect-scale MAVs are seen as a cost-effective tool for planetary exploration (Barret 2000; Hassanalian et al. 

2018). 

Semi-autonomous drones are used to aid the visual spectacle of dance

performances and concerts, as well as aerial landscaping (Cadell 2018; 

Holmes 2015; Van Hemert 2015). Furthermore, international challenges and flight competitions of MAVs are a new branch of tech sports with a rapidly growing popularity that provides a continuous stimulus for development involving the public sector (Cherney 2019). Currently, these drones in practice are typically larger than the insect scale. However, the knowledge and insight gained will prove crucial for flyers focused on the current treatise due to their greater aerodynamic complexity. 
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