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Abstract

Since the theoretical aeroelasticity for flapping-wing aerodynamics was introduced in the 1920s, the effects of flexibility

on aeroelasticity have been paid more attention to aerodynamic design. In recent years, the trait of the wing flexibility is

applied for small-scale wings of biomimetic flyers including micro air vehicles and mini unmanned aerial vehicles. Until

now, the aerodynamic performance and great agility of these flyers, which are beneficially used for military missions and

other civilian applications, have been improved through surrogate flapping wings with the favorable effects of the flexi-

bility. As per the aeroelasticity principle for the forward flying, the chordwise flexibility of an elastic flapping wing can

generate thrust and lift redistributions, whereas the spanwise flexibility can result in variations of the angle of attack and

the shift of phase along the wingspan direction. Consequently, all vortices generated by the flapping wing i.e. (1) leading-

edge vortices, (2) tip vortices, and (3) trailing-edge vortices are blended supportively, thereby improving the aerodynamic

performance and agility. Hence, the growth of research and development of the aerodynamic performance and agility for

these flyers under the influence of flexible wings increases through experimental and computational studies dynamically

and rapidly. This review aims to highlight the important role of the flexibility in the recent progress in wing aerodynamics

of these flyers through several wing models done by famous groups of experts in this field. In addition, this review

includes the acoustics of the wings under the flexibility effects which is considered as a new key for better flyer design

and improvement. A comprehensive understanding of the integrated aerodynamics and acoustics under the wing flexi-

bility is, therefore, needed.
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Introduction

Since the theoretical aeroelasticity for flapping-wing
aerodynamics was introduced by Birnbaum in the
1920s,1 the effects of flexibility on aeroelasticity have
been paid more attention to aerodynamic design. In
recent years, the trait of the wing flexibility is applied
for small-scale wings of biomimetic flyers including
mini unmanned aerial vehicles (MUAVs), and micro
air vehicles (MAVs). The continuous progress in the
development of the aerodynamic performance and
agility of these flyers, which are beneficially used for
military missions and other civilian applications, has
been done through surrogate flapping wings with the
favorable effects of the wing flexibility.2–14 Recently,
research and development of the aerodynamic per-
formance, agility, and flow mechanism associated
with flexible wings of these flyers have been investi-
gated dynamically, increasingly, and extensively.14–33

In fact, according to insect flights, the small size and
light weight of flyers are designed. Wings of the flyers

usually fly at low speeds and the airflow associated
with this flight is in the region of low Reynolds num-
bers (Re � 103). In this region, it is found that the
formation, shedding, and combination of leading-
edge vortices (LEVs), trailing-edge vortices (TEVs)
as well as tip vortices (TVs) play important roles in
lift and thrust generated by the wing.4,33 Some
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studies34,35 indicated that lift may be increased by the
presence of LEVs. Moreover, in this flow region,
flights of the flyers are likely to be sensitive to wind
gusts. These circumstances lead to overall complex
fluid–structure interactions of the flyers and typical
designs of flyers with fix wings encounter fundamental
challenges in the limitation of propulsion and aero-
dynamic performance such as lift generation including
problems of flight mechanics and its control.4,5,15,26,28

With the interest in overcoming these obstacles, flap-
ping-wing models with the favorite effects of the flexi-
bility are proposed. Typically, a flapping wing is a
thin aerofoil which contains a flexible structure,
thereby tending to deform during flight.4,33 Hence,
characteristics of biological flights are often observed
and investigated to improve the aerodynamic per-
formance, agility, wing structure, mechanics of flight
and control, including propulsion of wings of the bio-
mimetic-flyer wings, MUAVs, and MAVs for desir-
able mission achievements.4,13,14,19,24,30 However, the
wing of biological flyers is anisotropic and cam-
bered.36 Specifically, its flexibility is different in the
spanwise and chordwise directions.22,37–42 The elastic
stiffness in the chordwise direction has a square cor-
relation with the chord length and the elastic stiffness
in the spanwise direction has a cube correlation with
the wingspan. Thus, it seems likely that the trend of
the wing deflection of larger insects may occur easier
in the chordwise direction.37 The flexibility of the
wing may have a great impact on aerodynamic per-
formance and the flexible wing typically deforms
under the integrated effects of aerodynamic force
and wing inertia.43 It was shown in the open litera-
ture7,9–11 that both wing flexibility and rigidity are
increased by wing corrugation and the large wing
flexibility causes more complicated phenomena of
fluid–structure interactions around a wing. In fact, a
large-flexible wing seems unreasonable and unsuitable
because it is easy to damage from buckling caused by
the compressive load from fluid–structure interactions
during flight.4 Consequently, the kinetics and kine-
matics of a highly flexible wing during flapping
motion cause highly coupled nonlinearities in the cal-
culation of aerodynamics, aeroelasticity, dynamic and
feedback controls of flight.4,44 Further, to approach
the real fight of insects and obtain the benefit of the
insect flight, the characteristics of the wing acoustics
of flying insects need to be investigated. A new trend
of the flapping-wing design indicates the high aero-
dynamic performance of these flyers should be
achieved with low noise32 since it might be important
in some applications of biomimetic flyers such as rec-
onnoitering in a military mission. Although the flap-
ping-wing sound has been studied for ages, most
models are rigid. Very little attention to the import-
ance of the flexibility effects on the wing acoustics of a
flyer during flight has been given, so far. Some studies
have been highlighted by some groups of research-
ers.32,45–47 Based on a literature review, although

several questions in flexible-wing effects on aero-
dynamics are addressed, there are still several interest-
ing questions about the aerodynamic performance
and aeroacoustics of biomimetic flyers, MAVs, and
MUAVs under the influence of the wing flexibility
which needs to be adequately addressed to answer
the unknown question whether the structural deform-
ation caused by the flexibility effects really provides
aerodynamic and propulsive advantages as well as a
favorable impact on sound generation and propaga-
tion or not. It suggests that the role and importance of
the flexibility should be specified clearly for the design
improvement of these flyers. In a previous compre-
hensive review on the aerodynamic and aero-elastic
characteristics of rigid and flexible wings in several
flying motions done by Shyy et al.4 they raised some
useful questions about the flapping-wing aerodynamic
performance under the flexibility effects, for example,
How do the effects of geometrical nonlinearity and the
anisotropic structure result in the flapping-wing aero-
dynamics? and How can the stability of flapping
flights be improved passively via the favorable effect
obtained from flexible structures? These questions still
need to be explained more. To accomplish the mis-
sions in practice for recent years, other research ques-
tions about aerodynamics and aeroacoustics under
the flexibility effects need to be addressed as well.
For example, it is thought that the flexibility is
likely to be a key factor for aerodynamic and aero-
acoustic improvements, so the flexible wing has a
greater impact on aerodynamics and aeroacoustics
than the rigid one, especially when a highly flexible
flapping wing is used. Therefore, (1) How can lift and
thrust be improved significantly not only during hover
and forward flight but also in turning flight? (2) How
can buckling effect be reduced passively if a flyer is
under given compressive loads? (3) How can optimal
flexibility be done to attain high aerodynamic per-
formance and low noise? (4) How is the mechanism
of the sound generation and propagation under dif-
ferent direction flights? (5) Does noise generated by
insects relate to aerodynamic load and How? Since all
of the above questions are linked inherently, a com-
prehensive understanding of the mechanism, func-
tionality, and influence of the flexibility on flapping
wings, including sound generation is essential.
Specifically, the effects of flexibility on kinematics,
aerodynamics, and acoustics need to be addressed
for the success of future designs of flexible flapping-
wing flyers. As open literature cited in the references,
three main concerns of flight improvement of biomim-
etic flyers, MUAVs and MAVs are described. One is
wing lift which is an aerodynamic force for holding a
flyer in the air. The next one is flying thrust which is
used to move a flyer forward through the air. Lastly,
aeroacoustics generated by flapping-wing motion
which is usually related to the lift and thrust of the
flyers. This paper aims to review, conclude, and com-
plement recent works in the effects of the flexibility on
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wing aerodynamics and acoustics. The authors hope
that this paper will be helpful information for the
community and encourage future reviews and
research efforts. The following parts of the paper are
organized as follows: the governing equations for
flapping kinematics, important dimensionless num-
bers as well as key variables in flexibility are presented
in Coordinate systems, parameters, and equations of
flapping wing control section. The wing aerodynamic
performance under the flexibility effects, which are
presently considered in the open literature, is updated
in Effects on wing aerodynamic performance section.
Effects on wing acoustics section further reviews the
effects of the flexibility on wing acoustics generated by
biomimetic flyers as well as its propagation physics.
Finally, some recommendations for future study and
conclusion are provided in Recommendation section.

Coordinate systems, parameters, and
equations of flapping wing control

This section introduces the coordinate systems,
important kinematic parameters, and equations that
are needed for the flapping-wing motion modeled for
the unsteady flow. The kinematic equations, Navier–
Strokes equations, and the nonlinearity with multiple
variables i.e. velocity and pressure as well as moving
geometries are mentioned. Some nondimensional
numbers which are used to characterize the flight
regime of a flyer are described also. Also, the plate-
deformation equation for in-plate and out-of-plate
motions is added to introduce the effects of flexibility,
including related variables such as effective stiffness.

Coordinate systems and kinematic parameters of
flapping flight

Basically, kinematics of a complex flapping-wing
flyer can be modeled by the kinematics of a rigid
body and wingbeat coordinate systems. As shown in
Figure 1(a)–(c), the body angle (v) is used to describe
the rigid body. At the same time, the wing kinematics
is represented by three independent angular positions
within the stroke plane: (1) the flapping angle (�) used
to describe the flapping motion about the x-axis,
(2) the angle of attack (�) used to describe the rotation
about the y-axis, and (3) the elevation angle (h) used
to describe the rotation about the z-axis. The horizon-
tal plane is the plane parallel to the ground. The
stroke plane, shown in Figure 1(d), is defined by
three points: wing root or base (point O), and the
angular positions of wing tip at the maximum and
minimum for points WT,A and WT,B, respectively.
During the hovering flight, the stroke plane is near
horizontal but it is near vertical in the forward
flight. The stroke plane angle or stroke angle (�) is
ranged from 0� to 90� for hovering and forward
flights, respectively. The body angle and stroke
angle also vary when flyers are in the flight mode.

Moreover, the stroke plane could change considerably
in the spanwise direction during the flight due to the
wing deformation from torsion, causing the torsional
angle (c). Besides, the angle of attack is used to define
the angle between the stroke plane and the chordwise-
strip wing, as seen in Figure 1(e) and 1(f) for the
upstroke and downstroke attack angles, respect-
ively.15 All mentioned kinematic parameters are sum-
marized in Table 1.

For a general 3D case, the following equations
based on the Fourier series are used to describe the
wing kinematics i.e. the flapping angle, the elevation
angle, and the angle of attack.48 The unit of all the
angles is in radian.

�ðtÞ ¼
X3
n¼0

�c,n cosðn!tÞ þ �s,n cosðn!tÞ
� �

ð1Þ

�ðtÞ ¼
X3
n¼0

�c,n cosðn!tÞ þ �s,n cosðn!tÞ
� �

ð2Þ

�ðtÞ ¼
X3
n¼0

�c,n cosðn!tÞ þ �s,n cosðn!tÞ
� �

ð3Þ

�inðtÞ ¼
X3
n¼0

�in,c,n cosðn!tÞ þ �in,s,n cosðn!tÞ
� �

ð4Þ

�outðtÞ ¼
X3
n¼0

�out,c,n cosðn!tÞ þ �out,s,n cosðn!tÞ
� �

ð5Þ

where !¼ 2pf, f is the flapping frequency, t is the time,
and n¼ 0, 1, 2, or 3. The coefficients �c,n, �s,n, �c,n,
�s,n, �ðc,nÞ, and �ðs,nÞ are Fourier coefficients which are
determined from empirical kinematic data as reported
in the references.49–51 Terms �in and �out represent the
attack of angles at the wing tip and at the wing base/
root based on the inner and outer cross section of the
wing and the forewing, respectively.19 An example of
the variations of the angle of attack (�), elevation
angle (h), and flapping angle (�) for one period of a
real wing of hawkmoth hovering are plotted in
Figure 2(a). It shows the first order of a sinusoidal
curve of the flapping-angle variation approximately.
The elevation-angle variation also shows like the first
order of a sinusoidal curve with low amplitudes and
twice the frequency of main flapping frequency.
Differently, the angle of attack shows asymmetric pat-
terns per stroke with a phase lead about 90� from the
flapping angle.

To simplify the kinematics of the real wing, the
flapping and attack angles within the stroke plane
may be governed by simple harmonics wing motion
(SHWM), which defined by a sinusoidal function with
the same frequency and the same or different phase.
This may be reasonable because the elevation angle is
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assumed to keep unchanged as its magnitude is small,
thereby causing a low effect on the mean lift and drag
forces. Thus, the effect of the elevation angle is
ignored.19,52,53 Consequently, a simplified flapping
wing can be described by the following equations.

�ðtÞ ¼ �0c,1 cosð!tÞ ð6Þ

�ðtÞ ¼ 0 ð7Þ

�ðtÞ ¼ �0c,1 sinð!tÞ ð8Þ

�0c,1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2c,1 þ �

2
s,1

q
, ½50� ð9Þ

�0c,1 ¼ �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2out,c,1 þ �

2
out,s,1

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2in,c,1 þ �

2
in,s,1

q
2

0
@

1
A
ð10Þ

Equation (10) is used in the reference,54 the vari-
ations of the angle of attack, the elevation angle, and
the flapping angle of the simplified wing for one
period can be presented in Figure 2(b). However,
based on SHWM and unsteady flow, the angle of
attack could vary with the wing section,4 so an effec-
tive angle of attack (�eff) is introduced additionally for
the flapping wing.55–57 Basically, the effective angle of

Figure 1. 3D diagram of coordinate systems used to describe kinematics of body and flapping wing motions.

4 Proc IMechE Part C: J Mechanical Engineering Science 0(0)



attack depends on three factors i.e. the local flapping
velocity (uf), free stream velocity (U1), and prescribed
angle of attack (�u, �d), as shown in Figure 3.
According to the figure, the effective angle of attack
is defined as the following equations.

�eff ¼ tan �1
uf
u1

� �
ð11Þ

Downstroke : �eff ¼ tan �1
uf
u1

� �
þ �d � 90� ð12Þ

Upstroke : �eff ¼ tan �1
uf
u1

� �
� �u þ 90� ð13Þ

However, the effective angle of attack may vary
with the wingspan with a maximum value at the
wing tip since the flapping velocity can vary along
the spanwise direction.19 If the wing flexibility is
taken to account, the local flapping velocity may be
affected by bending and twisting deformations.
Moreover, if the flexible-wing structure behaves like
a plate, plate-like deformations may result in the vari-
ations of the effective angle of attack along the chord-
wise direction. Therefore, the angle at the position of

the three-quarter chord is likely to be used as the pre-
sentative sectional effective angle of attack.4,55

Nondimensional numbers and parameters for
flapping flight

Fundamentally, useful nondimensional numbers
which are used to deal with the fluid dynamics and
wing kinematics during the flight regime of biological
flyers with rigid and flexible flapping wings are char-
acterized through scaling laws. Three important non-
dimensional numbers are mentioned in this section.4,58

Firstly, the Reynolds number (Re), which is the ratio of
inertia forces to viscous forces in the fluid, is defined as
equation (14) in the flapping-wing motion.

Re ¼
�URefLRef

�
¼

URefLRef

�
ð14Þ

where �, �, and m are the fluid density, fluid dynamic
viscosity, and fluid kinematic viscosity, respectively.
URef and LRef are the reference velocity and reference
length, respectively. As well known that the flapping
wings can produce both lift and thrust, the reference
length is the mean wings chord length (cm). However,
the definition of the reference velocity depends
upon the flight mode. Namely, in the hovering
flight, it is likely to use the mean wingtip velocity
(Utip) as the reference velocity, so it can be expressed
mathematically that URef¼Utip¼ 2�R/T¼ 2�fR,
where R is the length of semi span of the wing, �

Table 1. Kinematic parameters for flapping-wing motion.

Parameter Description

Horizontal plane Plane parallel to the ground.

Stroke plane Plane defined by three points, as

shown in Figure 1(d): wing base

or root (O),wing tip at maximum

(WT,A), and minimum positions

(WT,B) based on angular

measurement.

It is near horizontal and vertical

during hovering and forward

flights, respectively.

Stroke angle

(�)

Angle between stroke plane and

horizontal plane.

It varies from 0� (hovering) to 90�

(forward).

Angle of attack

(�)

Angle between wing direction and

motion direction, as shown in

Figure 1(a). Wing direction con-

sidered from trailing edge to

leading edge.

Elevation angle

(h)

Angle swept by wing about z axis, as

shown in Figure 1(a) and 1(c).

Flapping angle

(�)

Angle between leading edge and

horizontal plane, as shown in

Figure 1(a) and 1(b).

Torsional angle

(c)

Angle between wing direction and

direction perpendicular to stroke

plane.

Body angle

(v)

Angle between body line and

horizontal plane, as shown in

Figure 1(a).

Figure 2. Variations of angle of attack (�), elevation angle (h),

and flapping angle (�) for one period: (a) real wing during

hovering flight of hawkmoth and (b) simplified wing using

fluid-solid interaction analysis.19
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stands for the full stroke amplitude, f is the flapping
frequency, and T denotes the flapping period. Both
f and T are related to the mean angular velocity (!)
as !¼ 2�/T¼ 2�f. Thus, the Reynolds number for
3D flapping-wing hovering flight is defined by equa-
tion (15).

Re ¼
URefLRef

�
¼

2�fRcm
�

¼
2�Rcm
T�

ð15Þ

If AR is the aspect ratio of the wing, which is
related to the wing area (A) and wingspan (S) as
AR¼S2/A, the wing aspect ratio can be expressed
in terms of the mean wing chord and the length of
the wingspan (2R), namely, AR¼ð2RÞ2/(2R)cm¼ 2R/
cm. Therefore, cm¼ 2R/(AR) and the Reynolds
number may be written as equation (16).

Re ¼
4�R2f

�ðARÞ
¼

4�R2

�TðARÞ
ð16Þ

For a 2D flapping wing during the hovering flight,
which the forward speed is about 0, the Reynolds
number is estimated by the length of the wing chord
(L), the heaving amplitude (A), and the flapping fre-
quency of the wing. Therefore, the Reynolds number
is written as equation (17).

Re ¼
2	fAL

�
¼

2	AL

�T
ð17Þ

However, during the forward flight, the Reynolds
number of the flapping wing is different from that
undergoing the hovering flight due to the fact that
there is no forward velocity in the hovering flight.
Hence, for both 2D and 3D flapping wings in the
forward flight, it is possible that the reference velocity
can be the forward velocity (U) or the mean velocity
of the wingtip, whereas the reference length is the
mean chord length. For the forward velocity, the
Reynolds number is defined as equation (18).

Re ¼
�Ucm
�
¼

Ucm
�

ð18Þ

Next, the Strouhal number (St), which is used to
describe natural phenomena of the vortex dynamics
and vortex-shedding of unsteady flow, is mentioned.
For flapping flight, the St is defined as equation (19).

St ¼
fLRef

URef
¼

LRef

TURef
ð19Þ

The Strouhal number depends upon the flapping
frequency, the reference length, and the reference vel-
ocity. Normally, the forward velocity and the full flap-
ping amplitude are used for the reference velocity and
the reference length, respectively. Therefore, equation
(19) can be written as equation (20).

St ¼
fR�

URef
¼

R�

TURef
ð20Þ

The equation (20) is normally used to evaluate pro-
pulsive efficiency in flapping wings undergoing the
forward flight.59–62 The inverse of the Strouhal
number is usually called as the advance ratio (J),
which is defined as equation (21).

J ¼
1

St
¼

URef

fLRef
¼

TURef

LRef
ð21Þ

Finally, the reduced frequency number (k), which
is used to describe the unsteady aerodynamics of
pitching and heaving airfoils, is presented. The
reduced frequency number is defined based on the
rotational speed, the translational speed, and the
mean chord length as written in equation (22).

k ¼
!LRef

2URef
¼

2	fcm
2URef

¼
	fcm
URef
¼

	cm
TURef

ð22Þ

Figure 3. Effective angle of attack and its variations: (a) no

vibration (b) during downstroke and (c) during upstroke.
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In a 3D hovering flight, the mean wingtip vel-
ocity is used to calculate the reduced frequency
number. Thus, the equation (22) can be modified as
equation (23).

k ¼
	fcm
URef

¼
	cm
2�fR

¼
	

�ðARÞ
ð23Þ

For a 2D hovering flight, the reference velocity is
the maximum flapping velocity (2pfA). Therefore, the
k is expressed as

k ¼
	fc

2	fA
¼

c

2A
ð24Þ

However, the reference velocity is replaced with the
forward velocity in the forward flight, so the k is
defined as equation (25).

k ¼
	fcm
U
¼
	cm
TU

ð25Þ

Since the reduced frequency number may provide a
better understanding of the effect of unsteadiness of a
flapping wing than the Strouhal number,4,63 so the
Strouhal number may be described in terms of the
k, as expressed in equation (26).

k ¼
2	

�ðARÞ

� �
St ð26Þ

Although the Reynolds number, Strouhal number,
and reduced frequency number are enough to aero-
dynamically characterize a rigid wing similarity, the
aerodynamic performance and acoustics, as well as
fluid–solid interaction caused by the effects of the
wing flexibility, cannot be understood comprehen-
sively by these dimensionless numbers. Hence, other
dimensionless parameters that are involved the flexi-
bility are introduced for aeroelastic-wing motion i.e.
mass ratio (m�), effective stiffness (Seff), and effective
rotational inertia (Ieff).

64 The mass ratio is defined as
equation (27).

m� ¼
�sh

�fc
ð27Þ

where �f is the density of the air, the product of �s and
h denotes the surface density of the wing, and c is the
characteristic length of a wing.43 For the effective stiff-
ness and effective rotational inertia are formed to
describe the effects of the bending load and the mass
moment inertia of the wing structure relative to the
aerodynamic loads, respectively. The two parameters
are defined as equations (28) and (29), respectively.

Seff ¼
Eh3s

12ð1� 
2Þ�fU2
Refc

3
m

ð28Þ

Ieff ¼
I

�fc5m
ð29Þ

where E denotes the elastic modulus, 
 represents
Poisson’s ratio, hs stands for the thickness, and
I denotes the mass moment of inertia. The effective
stiffness of the wing is considered like a plate stiffness
which is under the elastic deflection of a bending
plate.65 Recently, it is found that the wing aspect
ratio is the predominant factor determining the wing
flexibility effects as well.66 All dimensionless numbers
mentioned in this section are listed in Table 2.

Governing equations of flapping flight

The flapping wings of a biological flyer under the
flapping flight are governed by the Navier–Stokes
equations at low speeds and if Mach number (Ma)
is below 0.3, the air density is assumed to be constant
because air compressibility may be ignored.67,68

Subsequently, the airflow around flapping wings
can be considered as an incompressible flow.
Furthermore, if the flow is also isothermal, the air
viscosity keeps unchanged. Following these conse-
quences, the velocity and pressure (p) of the air
around the flapping wing are solved through the

Table 2. Kinematic parameters for flapping-wing motion.

Dimensionless

number Description

Reynolds number Defined based on LRef and URef, air

(Re) density, and viscosity. In hover,

LRef is cm, and URef is mean wingtip

velocity or flapping velocity,

U¼ 2�R/T¼ 2�fR, where � is

total flapping amplitude, R is

half-span, f is frequency of flap-

ping, and T is period of flapping.

Strouhal number

(St)

Defined based on frequency of flap-

ping, LRef, and URef. It is ratio of

flapping velocity to flight velocity.

Reduced frequency

(k)

Defined based on angular velocity,

LRef, and URef. It is ratio of rota-

tional speed to translational

speed.

Advance ratio

(J)

Defined as ratio of flight velocity to

flapping velocity. It is equal to

1/Strouhal number.

Mass ratio

(m*)

Defined based on wing surface

density, air density, and

characteristic length of a wing.

Eff. stiffness

(Seff)

Defined based on bending force and

mass (Seff) moment inertia of

wing structure relative to

aerodynamic forces

Eff. inertia

(Ieff)

Defined based on mass moment

inertia of wing structure relative

to aerodynamic forces

Prapamonthon et al. 7



simplified Navier–Stokes equations for an incom-
pressible, viscous, transient, and isothermal flow, as
seen in equations (30) and (31).

r� � u� ¼ 0 ð30Þ

k

	

@u�

@t�
þ u� � r�u� ¼ �r�p� þ

1

ReL
r�2u� ð31Þ

Equations (30) and (31) are nondimensionalized by
the reference velocity from the original forms. These
equations are sufficient to a rigid flapping wing, but
they are not enough to evaluate the effects of the wing
flexibility. Hence, the plate-deformation equation for
in-plate and out-of-plate motions is added, as seen in
equation (32).4,65

Seff
@4w�

@x�4
þ 2

@4w�

@x�2@y�2
þ
@4w�

@y�4

� �

¼ f � þ ��h�s
k

	

� �2 @2w�

@t�2
ð32Þ

This equation is nondimensionalized from the ori-
ginal governing equation of the plate flapping
motion.4,69–73

Eh3s
12 1� 
2ð Þ

@4w

@x4
þ 2

@4w

@x2@y2
þ
@4w

@y4

� �

¼ Fþ �shs
@2w

@t2

ð33Þ

where �s is the density of the plate, F is the distributed
transverse load, whereas u, v, and w are the displace-
ment obtained in the x, y, and z directions, respect-
ively. As illustrated in Figure 4, the characteristics of
the flapping-wing motion of the rigid and flexible
wings are presented.74

Figure 4. Schematics of flapping motion: (a) Pure rigid in single-DOF of flapping-wing; (b) spanwise deformation in down-stroke;

(c) chordwise deformation in down-stroke; (d) combined spanwise and chordwise deformation in downstroke.74
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Effects on wing aerodynamic
performance

In fact, biological flyers use the flapping-wing motion
to generate not only lift but also thrust during their
flights. This mechanism involves fluid–solid inter-
action which causes phenomena of vortex formation
and shedding as well as the interaction of vortex
dynamics and the flapping wing. Additionally, wings
of the biological flyers are not rigid but flexible. The
behavior of twist and bending deformation of the
flapping wing changes the aerodynamic performance
of the biological flyers since it affects the unsteady
vortices around the wing significantly effect.18,43 The
wing deformation during flapping motion mainly
depends upon aerodynamic, inertial, and elastic
loads.41 The wing flexibility leads to more complicated
problems of fluid–solid interaction. Although research
on the topic of aeroelasticity in the flapping-wing
motion of the biological flyers has increased dynam-
ically and rapidly for a decade, the elucidation and
comprehensive understanding of aeroelastic phenom-
ena caused by the flexibility effects are still challen-
ging. This section reviews some recent efforts to
investigate the effects of flexibility in chordwise, span-
wise, and integration of chordwise and spanwise on
wing aerodynamic generation and performance which
is the heart of utilizing flapping-wing mechanisms for
both hovering and forward flights. The recent pro-
gress in investigating the effects of flexibility on wing
aerodynamic performances and characteristics is sum-
marized in Table 3.

Chordwise flexibility

Zhao et al.17 studied experimentally force generation
of 3D aeroelastic flapping wings. They showed that
the trailing-edge flexibility could be used to control
aerodynamic forces and this could change the LEVs.
Also, results showed that at low to medium angles of
attack, the increase in the wing flexibility monotonic-
ally decreased the capability of aerodynamic-force
generation but lift-to-drag ratios remained approxi-
mately constant. However, another work done by
Zhao et al.27 showed that flexible wings generated
greater lift than a rigid counterpart at very high
angles of attack. The systematic variations of the
magnitude and direction of the net force vector and
the center of pressure with wing flexibility were
observed, though there were no major differences in
force generation for the rigid wing and the flexible
wings. Yin and Luo43 numerically studied the wing
inertia effects on the aerodynamic characteristics of
2D deformable flapping wings using an elastic plate,
which might experience nonlinear deformations while
flapping, during the hovering flight. They found that
low mass–ratio wings provided good performance at a
low frequency relative to the wing resonant frequency,
whereas high mass–ratio wings provided better

performance at a certain frequency close to the wing
resonant frequency. Besides, the frequency ratio of
0.35 was quoted as an optimal value in their work.
Their results also revealed that deformations induced
by inertia and flow could enhance wing lift. However,
the flow-induced deformation, which corresponded to
the low-mass wing, produced low drag, thereby
obtaining higher efficiency of the aerodynamic
power. Dai et al.18 further studied the investigation
done by Yin and Luo.43 They studied 3D fluid–
structure interaction of flexible rectangular plates
with a stiff leading edge in hovering flight at a low
aspect ratio. Results showed that the wing flexibility
resulted in the rate of passive pitching and the phase,
thereby modifying the aerodynamics of the wing sig-
nificantly. The dynamic pitching depended upon the
wing stiffness, the specified kinematics at the wing
root, and especially the mass ratio. They also found
that an optimal frequency ratio was 0.3 approxi-
mately, which was close to the value found by Yin
and Luo.43 In general, when the frequency ratio was
less than or equal to 0.3, the deformation considerably
enhanced the lift and improved the lift efficiency
though the wing was under the influence of a disad-
vantageous camber. Besides, when higher mass–ratio
wings were used, the improvement in lift performance
was attributed to the wing flexibility arrangement.
The aerodynamic performance of a flexible airfoil
under the chordwise-deformation effects was investi-
gated by Yang et al.,74 and the spanwise deformation
angles were set as 0�, 5�, and 10� in this study. Their
results showed that the large chordwise deformation
angle had favorable effects: (1) the increasing of the
chordwise deformation angle improved the lift and
thrust characteristics; (2) when the spanwise deform-
ation was larger, the chordwise deformation effects
were stronger, as seen in Figures 5 to 7. These advan-
tages of chordwise deformation were because the flow
direction deflected backward under the deformation
way. Kang et al.75 performed the aerodynamic per-
formance of the locally 2D flexible airfoil under
unsteady viscous flow through fluid–structure inter-
action. Results highlighted that the fluid–structure
interaction had a great impact on the lift of the elastic
airfoil. Specifically, the smaller elastic stiffness
increased the mean deflection of the structure, thereby
inducing the mean camber effect and enhancing the
lift. The frequencies affected the aerodynamic per-
formance significantly during the unsteady scheme.
Besides, it was found that when an elastic stiffness
of 5� 104 was used, when the vibrating frequencies
of the airfoil had a close correlation with the shedding
frequencies, the lift was improved since coherent vor-
tices were formed. However, when an elastic stiffness
of 5� 105 was employed, the vortices formed irregu-
larly, thereby causing the sharp drop in the lift. The
results implied that an optimal frequency, which cor-
responded to the vortex shedding, could produce a
higher lift.

Prapamonthon et al. 9
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Figure 5. Chordwise deformation effects when spanwise deformation angle was 0�. (a) Lift coefficient; (b) thrust coefficient;

(c) average lift coefficient; and (d) average thrust coefficient.74

Figure 6. Chordwise deformation effects when spanwise deformation angle was 5�. (a) Average lift coefficient and (b) average thrust

coefficient.74
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Cheng and Lan22 drew the conclusion obtained
from a study of the aerodynamic performance of a
3D flapping wing under the chordwise-flexibility
effects during the hovering flight using a rectangular
flat plate. It was found that generally, the lift perform-
ance could be reduced by the wing flexibility since the
LEV structure of the flexible wing was smaller than
that of the rigid one. Moreover, with the significant
difference in TEV structures between the rigid and
flexible wings, the TEVs of the flexible wing were
not formed yet, whereas the TEVs of the rigid wing
were detached and shed from the wing. As a result,
vortex structures were changed, as seen in Figure 8
which showed the vortices at three instant times
during early downstroke. For the flexible wing, the
large negative camber seriously suppressed the forma-
tion of TEV, thereby leading to a reduction in the
LEV strength. Following this, lower lift was found
during the consequence of the flapping motion
because the rate of change of fluid impulse was
lower. However, in the early downstroke of the rigid
wing, a ring-shape vortex, which was an integration of
LEV, TV, and TEV, was formed because of transla-
tional acceleration and pitch rotation. As the wing
motion continued, the LEV still attached to the top
surface of the wing, whereas the TEV detached and
shed from the wing. With these phenomena, the rate
of change of fluid impulse became larger, then high
aerodynamic forces were produced.76 However, it was
found that when pitch rotation was delayed or stroke
amplitude was low, the flexible wings generated more
lift when compared to rigid counterparts. Moreover,
the lower power consumption was obtained by the
flexible wings and the improvement in the lift per-
formance of the very flexible wings could be done
effectively by reducing the stroke amplitude.

Normally, most insect wings are flexible and it
seems that the wings get deformable under the com-
bined loads of their inertia and aerodynamic forces in

nature.20,43,77 Tian et al.20 numerically studied lift and
thrust production of an elastic wing under the effect of
wing flexibility in forward flight by means of 2D simu-
lation of fluid–structure interaction. The wing was
prescribed by pitching around the leading ledge and
translating in an inclined stroke plane. Also, the
effects of mass ratio, stroke angle, and flight speed
on the aerodynamic force generation were mentioned.
Results showed that the significant increase in thrust
was done by the passive pitching due to the wing
deformation and it was possible that lift was main-
tained or increased in this situation. Another import-
ant result was mentioned that a larger magnitude of
the chordwise deformation was found during
upstroke than downstroke, though actuation kine-
matics and the wing structure were symmetric. This
agreed with the conclusion drawn by Luo et al.77 In
addition, the role of the fluid-induced deformation
and the asymmetry deformation was underlined
when the mass ratio of the flexible wing was low.
Shahzad et al.31 studied the aerodynamic characteris-
tics of deformable-flapping wings, which had different
aspect ratios, i.e. AR¼ 1.5, 2.96, 4.5, and 6.0, and
wing shapes, i.e. r1¼ 0.43, 0.53, and 0.63, in hovering
flight at Re¼ 400. The flexibility of the wings was
homogeneous and isotropic. The radius of the first
wing-area moment was represented as the wing
shape. Their results indicated the degree of flexibility
resulted in pitch angle kinematics, thereby altering
aerodynamic forces in terms of lift, power including
magnitudes of lift and power peaks. Besides, the mass
ratio as well as the wing shape also affected lift and
power. Lower lift generated by flexible wings with
high AR of 4.5 and 6.0 was observed when compared
to the rigid counterpart for mass ratios of 0.66 and 4
since pitch angles were lower during the mid-stroke,
as seen in Figure 9. However, the power economy
(PE) of the flexible wings was higher than that of
the rigid wing, as seen in Figure 10.

Figure 7. Chordwise deformation effects when spanwise deformation angle was 10�. (a) Average lift coefficient and (b) average

thrust coefficient.74
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In an extended study done by Shahzad et al.,30 they
studied the wing flexibility, which was anisotropic, on
the aerodynamic performance of hawkmoth-like flap-
ping wings. The mechanisms, which were related to
the aerodynamic characteristics of these wings, were
compared at AR¼ 1.5 and 6.0, as illustrated in Figure
11. At AR¼ 1.5, it highlighted the domination of the

chordwise deformation caused by the anisotropic flex-
ible structure of the wings. Subsequently, it could
affect lift generation at different phases of the cycle,
whereas at high AR¼ 6.0, the wings also had domin-
ant spanwise deformation. Also, the combined
deformation in the chordwise–spanwise direction
affected lift production at different phases of the
cycle. In addition, their results indicated that the
mean lift was increased by flexibility as much as
39%, 18%, and 17.6% at AR¼ 1.5, 2.96, and 4.5,
respectively, for all wing shapes. Nonetheless, flexible
wings gave lower lift than the rigid wings at AR¼ 6.0,
and the r1¼ 0.53 and 0.63, as seen in Figure 12. This
was because small positive lift or negative lift was
observed before the stroke. They also pointed out
that the trends in Figure 13 indicated that when AR
and r1 decreased, CL typically decreased but PE
increased, especially the wings with AR¼ 2.96 and
4.5, and r1¼ 0.43 and 0.53. The CL also decreased
as the wing area increased. However, the power effi-
ciency might be uncertain when considering overall
under the anisotropic flexibility in hovering flight,
and it was possible that these results were different
for other flight modes.

Heathcote et al.78 studied thrust generation for a
2D airfoil plunging at zero freestream velocity under
the effect of airfoil stiffness in a water tank. They
found that the airfoil with the least stiffness could

Figure 8. Iso-surface plots of flow and vortex structures during early downstroke (s¼ 0.09sc to 0.16sc) for flexible wing (K� ¼ 5)

and rigid wing (K� ¼1) using Q¼ 5: green was negative and blue was positive.22

Figure 9. Correlation between lift coefficient (CL) and wing

shape (r1) at AR¼ 1.5, 2.96, 4.5, and 6.0 with mass ratio

(m*)¼ 4.0, and 0.66. RG, FX, and MFX were rigid, flexible, and

more flexible wings, respectively.31
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generate larger thrust at low frequencies, whereas the
thrust coefficient of the intermediate stiff airfoil was
greatest at high frequencies in plunging motion. Also,
the thrust/input-power ratio of the flexible airfoils was
greater than that of the rigid airfoil. They also indi-
cated that apart from plunge frequency and the phase
lag and amplitude of the trailing edge, the airfoil flexi-
bility had a great influence on alternating vortex
streets or vortex pairs, thereby causing thrust gener-
ation. Heathcote and Gursul79 experimented with
chordwise-flexible airfoils heaving with constant amp-
litude for Reynolds numbers of 9000–27,000 in the
water tunnel. They found that a degree of flexibility
increased propulsive efficiency and thrust coefficient.
Moreover, it was found that the chordwise flexibility
could provide positive effects for airfoils under purely
heaving motion at low Reynolds numbers. Their
measurements revealed weaker LEV corresponding
to higher propulsive efficiencies and stronger TEV
corresponding to higher thrust coefficients. Besides,
propulsive efficiency and thrust coefficient were func-
tions of the pitch phase angle and Strouhal number.
The peaks of thrust coefficient were found at pitch
phase angles in the region of 110�120� but at
higher Strouhal numbers. The peaks of propulsive
efficiency were found at a Strouhal number of 0.29
and a pitch phase angle of 95�100�, which matched

the range observed in nature. Miao and Ho80 investi-
gated the influence of flexibility and chordwise amp-
litude on aerodynamic characteristics of a flapping
airfoil at Reynolds number of 104 and reduced fre-
quency of 2 during plunge motion. Their results
revealed the formation of a pair of LEV along the
flexible airfoil as it underwent the plunge motion.
The formation of thrust-indicative wake structures
was found when the flexure amplitude of the airfoil
was less than 0.5 of the chord length. When flexure
amplitude was 0.3 of the chord length, the propulsive
efficiency of the flapping airfoil was enhanced. The
results also indicated a correlation between the
reduced frequency and propulsive efficiency. The
highest propulsive efficiency was found at the
Strouhal number of 0.255. Zhu81 numerically investi-
gated the aerodynamic performance of a foil
immersed in air and water under the effect of struc-
tural deformation at different amplitudes of pitch (h0).
Their results showed that the aerodynamic perform-
ance of the foil in the water and air was caused by the
change of the effective pitch angle and the effective
angle of attack. These results corresponded to the
conclusion drawn by Heathcote et al.78 In the water,
the propulsion efficiency increased as large as 20%,
but thrust decreased as Young’s modulus was
reduced. However, both the thrust and the efficiency

Figure 10. Correlation between power economy (PE) and lift coefficient (CL) for different ARs and wing shapes (r1) when mass ratio

(m�) (a)¼ 4.0 and (b)¼ 0.66. RG, FX, and MFX were rigid, flexible, and more flexible wings, respectively.31
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Figure 11. Schematic diagram of anisotropic-flexible-wing mechanisms. Vortex size represented its strength. Time of flapping

motion was from t1 to t2. Light lines were rigid wings and dark lines were flexible wings.30

Figure 12. Correlation between CL and wing shapes at dif-

ferent ARs. RG and FX were rigid and flexible, respectively.30

Figure 13. Correlation between PE and CL at different wing

shapes and ARs. RG and FX were rigid and flexible wings,

respectively. HW and FW were for hindwing and forewing in

the sketch of the hawkmoth wing.30
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plunged in the air when Young’s modulus reduced.
This stressed the importance of chordwise flexibility
to propulsion efficiency improvement. Unger et al.82

studied the improvement of the propulsive efficiency
of a flexible flapping airfoil at low Re conditions.
They found that propulsive efficiency was reduced
when more degrees of flexible were employed for the
airfoil. However, an improvement in the efficiency
could be obtained by more stiffness during the down-
stroke and more flexibility during the upstroke. Ulrich
and Peters83 presented a 2D flexible airfoil performing
sinusoidal deformations at high Reynolds numbers in
terms of propulsive force, lift force, generalized pitch-
ing, and bending forces. These forces were found as
functions of reduced frequency number, nondimen-
sional wavelength, and amplitude. Their results
showed that when the moving speed was lower than
the wave speed, a positive propulsive force generated
by the sinusoidal deformations existed. When the
moving speed was equal to the wave speed, the
system was under all zero forces. When the moving
speed was greater than the wave speed, the energy was
extracted. Tian et al.21 further studied power extrac-
tion from rigid airfoil wings under the effects of flexi-
bility done by the references.84–86 Results of Tian
et al.21 indicated that the power-extraction efficiency
was enhanced by flexible airfoils. Also, they investi-
gated the power-extraction capability of flapping
plates under the effects of flexibility, including active
control. Their results showed that with the certain
kinematic parameters, the flexibility could not
improve the capability of power extraction of the flex-
ible plate significantly, whereas the rigid plate with the
active control on the leading segment increased the
power coefficient by 11.3%, as seen in Figure 14.
Their results also revealed that most power-coefficient
increments were caused by the presence of vortex and
distributions of pressure near the plate, including the
projection plate area in the translational direction.
Wu et al.87 numerically investigated the improvement
of power extraction of a 2D NACA0015 airfoil with a
flexible tail. The airfoil was forced in pitching and
induced plunging motions under a laminar flow with
Reynold number of 1100. The power was extracted by
a rigid or deformable flat plate attached to the trailing
edge of the airfoil. Their results indicated that the
flexible tail of the airfoil provided more efficiency of
net power extraction than for the rigid tail. Besides,
they found that the increased lift force enhanced
power extraction and the increased power extraction
directly improved to net efficiency. Moreover, a highly
flexible tail performed high enhancement of power
extraction.

Spanwise flexibility

Zhu81 also investigated the efficiency and thrust of a
flapping foil under the effects of the spanwise direc-
tion in water and air. Results indicated that in water,

the thrust produced by the rigid foil is much higher
than that by the flexible one. However, there was no
significant difference in propulsion efficiency when
flexure changed. For the study in the air, if the stiff-
ness of the foil was ranged from 104 to 105, the effi-
ciency was changed slightly and the thrust
dramatically increased with the flexibility as much as
nearly 100% thrust gain. Besides, the results showed
the important role of heaving amplitude along the
spanwise direction of the foil to thrust and efficiency.
Namely, the depletion of thrust in water was due to
the decrease in heaving amplitude, thereby reducing
both the energy input and thrust generation.
Subsequently, the efficiency kept unchanged, while
the thrust increment in the air was the consequence
of the increment of heaving amplitude. Heathcote
et al.16 experimentally studied the thrust, power–

Figure 14. Performance of (a) rigid plate, (b) flexible plate,

(c) plate with flexible leading part and rigid trailing part, and

(d) rigid plate with active control for two periods of CP,L, CP,T ,

and CP.
21
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input, and propulsive efficiency of a rectangular wing
under the effect of spanwise flexibility. The wing with
an aspect ratio of 6 and heaving oscillation at one end
was tested in water at Reynold numbers from 10,000
to 30,000. Three wings with changeable spanwise stiff-
ness and rigid in the chordwise direction were tested.
They found that a wing with intermediate flexibility
contributed to a 50% thrust benefit. Nonetheless, a
reduced thrust coefficient was found for a highly flex-
ible wing. In addition, excessive spanwise flexibility
caused large tip phase lags between root and tip.
Then, the opposite couple–vorticity formed near the
root and the tip, causing a weak vorticity pattern.
Following these phenomena, thrust coefficients
decreased significantly. Several important conclusions
obtained from Chimakurthi et al.88 indicated that (1)
within the studied range of dimensionless parameters,
a favorable effect on the thrust generation was pro-
vided by spanwise flexibility. (2) Leading-edge suction
was an important factor, which could affect thrust
generation, during the plunging motion of the lead-
ing-edge–curvature wings. (3) Within the range of
reduced frequency numbers from 0.4 to 1.82, the

increase in the reduced frequency number resulted in
the increment of thrust generated by flexible and rigid
wings. Aono et al.57 numerically investigated flapping
wing aerodynamics under the influence of spanwise
flexibility using a rectangular wing, which had an
aspect ratio of 3 and an NACA 0012 airfoil cross
section, undergoing pure plunge at Reynolds
number of 3� 104 and reduced frequency number
of 1.82. They concluded that wing deformation
could enhance mean and instantaneous thrust forces
within a suitable range of spanwise flexibility. Also,
additional conclusions were drawn. Namely, phase
lag of the wing tip played a key factor for thrust gen-
eration. For example, when the phase lag was less
than 90�, spanwise flexibility provided a favorable
effect on the thrust generation. The effects of the span-
wise flexibility on wing lift were also investigated by
Yang et al.74 for a flexible airfoil when the chordwise
deformation angles were set at 0�, 5�, and 10�,
respectively. They indicated that when the chordwise
deformation angle was small, the larger spanwise
deformation could lead to the worse lift and thrust
characteristics, as shown in Figures 15 and 16.

Figure 15. Spanwise deformation effects when chordwise deformation angle was 0�. (a) Lift coefficient; (b) thrust coefficient;

(c) average lift coefficient; and (d) average thrust coefficient.74
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When the chordwise deformation angle was large, the
large spanwise deformation could improve the lift and
thrust characteristics slightly as shown in Figure 17.
These phenomena indicated that (1) when the chord-
wise deformation was large, the spanwise deformation
might also be larger and (2) the spanwise deformation
should be less than the chordwise deformation.

Combined chordwise and spanwise flexibility

The effects of combined chordwise and spanwise flexi-
bility on the aerodynamic performances have been
highlighted by several researchers. Gopalakrishnan
and Tafti15 numerically studied these effects on the
lift and thrust production in flapping flight using an
elastic membrane, which was under the in-plane pres-
tress condition, during forward flight with an advance

ratio of 0.5 and at Reynold numbers of 10,000. The
role of prestresses was presented to the suitable
camber and the aerodynamic pressure. Results
showed that the camber given by the flexible wing
increased the generation of thrust and lift signifi-
cantly. For flexible wings, the LEV kept attached on
the top surface and moved along with the camber and
could cover a major part of the wing, thereby result-
ing in high force generation. For rigid wings, the LEV
detached from the surface, thereby causing lower
force generation. Furthermore, the given camber
increased the force component, which contributed to
thrust. This led to a high thrust-to-lift ratio. Hu
et al.89 carried out an experimental study of the aero-
dynamic performances of rigid, flexible, and very flex-
ible wings undergoing flapping flight. They indicated
different performances obtained by flapping flight

Figure 16. Spanwise deformation effects when chordwise deformation angle was 5
�

. (a) Average lift coefficient and (b) average

thrust coefficient.74

Figure 17. Spanwise deformation effects when chordwise deformation angle was 10
�

. (a) Average lift coefficient and (b) average

thrust coefficient.74
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and fixed-wing soaring flight. Results revealed that
the wing–skin flexibility had significant effects on
aerodynamic performances for both flights. The flex-
ible and very flexible wings provided a better lift-to-
drag ratio than the rigid counterpart during soaring
flight. This situation was noticeable when the soaring
speed was high or the angle of attack was relatively
high. Nonetheless, for flapping flight, the rigid wing
generally gave better performance of lift production
than the two flexible wings. Also, the results indicated
that overall, the flexible wing had the best aero-
dynamic performance during the soaring flight but it
performed the worst aerodynamic performance in
flapping flight, whereas the very flexible wing gener-
ated the best performance in terms of thrust during
flapping flight. Nakata et al.90 computationally and
experimentally evaluated aerodynamics of a four-flex-
ible-wing hummingbird during the clap and fling.

They deemed that the adjustment of the angle of
attack near the wing tip at stroke reversal could
avoid the delay of some unfavorable phase during
wing rotation. Following this phenomenon, force pro-
duction was increased. Yang et al.74 carried out the
combined effects of chordwise and spanwise flexible
on the aerodynamic performance of the airfoil in flap-
ping flight. They concluded that the performance in
terms of aerodynamic forces of micro-sized wings
could be improved and degenerated due to large
chordwise and large spanwise deflections of the
wing, respectively. They suggested that the chordwise
deformation should increase to 25� at a 5� spanwise
deformation angle so that the chordwise deformation
angle could enhance aerodynamic performance in a
certain range. Nguyen et al.24 modeled and analyzed
flexible wings of a fruit fly for the aerodynamic evalu-
ation at Reynolds number of 150. Their results indi-
cated that the leading-edge-reinforced (LER) wings,
which the stiffness decreased sharply in spanwise
and chordwise directions, performed deformation
well like insect wings during flight and could provide
significantly better ratios of lift-to-drag and lift-to-
power than the uniform flexible and rigid wings.
Nguyen and Han14 explored the effects of the aniso-
tropic structure of a hawkmoth Manduca Sexta flex-
ible wing on several characteristics of flight. They
indicated that it needed more mechanical power con-
sumption at a low speed, as seen in Figure 18, due to
the more demand for lift generation in hovering flight
and at low forward speed, which the stroke angle is
nearly 0�, thereby causing the almost vertically down-
ward induced flow and a source lift generation as seen
in Figure 19(a). Moreover, the benefit of downward
flow and the mechanism of lift production could be
contributed by wing deformations due to the swift
stroke reversal motion.19 Therefore, the utilization

Figure 18. Comparison of mean-mechanical power at

different speeds of rigid and flexible MAVs.14

Figure 19. Comparison of flow fields at different forward speeds (a) 0.0 and (b) 4.0 m/s; shown at beginning of downstroke.14
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of flexible wings had high efficiency at low speeds.
They also indicated 20.6%, 10.3%, and 18.6% reduc-
tions of the mean mechanical power at forward speeds
of 0.0, 1.0, and 2.0m/s, respectively. However, the
direction control of the resultant force was needed
at a higher speed, so the stroke angle was increased
passively by the wing. Besides, the detriment of the lift
generation mechanism at 4.0m/s was found because
the stroke plane was almost vertical due to the
appearance of the upward flow region at the start of
the downstroke, as shown in Figure 19(b). As a result,
this upward flow region was intensified by the influ-
ence of wing deformations, thereby reducing the lift
force. To avoid this situation, the flexible wing had to
increase the flapping frequency for sufficient lift pro-
duction. Consequently, at 4.0m/s, the required flap-
ping frequency of the flexible wing was higher than
that of the rigid wing, namely, it was 1.12 times
approximately. At the same speed, the total mechan-
ical power of the flexible wing was increased to 1.4
times that of the rigid wing, as indicated in Figure 18.
This result seemed to correspond to the previous
study done by the open literature.49 Namely, the
major parts of mechanical power were proportional
to frequency cubic during high-speed flight. Besides, a
comparison of mean lift generated by the rigid
and flexible wings under the steady-state conditions
of the flexible wing was depicted in Figure 20.
When the wing underwent hovering or flying
condition at low forward speeds, the mean lift pro-
duced by the flexible wing was higher than that by the
rigid one. Nonetheless, this effect was reversed during
high-speed flight. Their results also indicated the
correlation of the forward speed, the lift difference
between the rigid and flexible wings, and the
stroke angle due to the direction of the flow induced
by wing deformations, as seen in Figure 21. When
stroke plane was small, this flow was nearly vertical,
causing the lift enhancement. However, when the
stroke plane increased, this enhancement became
less noticeable.

Tobing et al.26 further investigated the flexibility
effects on wing propulsion from an earlier study
done by Lu et al.,91 which used a 2D bumblebee
wing model, using a 3D bumblebee wing model.
Results indicated that the lift force of the 3D flexible
wing was around 30% higher than that of the rigid
one because the twist and bending deformations of a
flexible wing balanced the pressures on its surfaces.
This caused a longer time and more stability of LEV
attachment on the flexible wing than the rigid wing.
This suggested that the flexibility played an important
role in preventing LEV separation and then improv-
ing the lift generation of flapping insect wings, which
was supported by an earlier observation done by
Mountcastle and Combes92 as well. Tay25 numerically
investigated the aerodynamic performance of a 3D
flapping wing of TL-Flowerfly-micro flyer with two-
to six-wing flapping configurations under the effects of
flexibility as well as kinematic motions. Results
showed that a flexible chordwise and rigid spanwise
wing produced the highest lift with the minimum
power. The lift produced by each wing of the two-,
four-, six-wing configurations was different slightly.
They concluded that although a higher total lift
force could be generated by more wings, it required
higher drag and power. Another experimental study
of the flexibility effects on the aerodynamic perform-
ance of flapping wings was conducted by Fu et al.66

This experiment was done at an angle of attack of 45�

and Reynolds number of 5:3� 103 (based on the
chord length and the wing tip velocity). Their results
indicated that deformable wings with an aspect ratio
of 4 could improve aerodynamic performance when
compared to a rigid counterpart. Flexible wings gave
higher lift-to-drag ratios and drag was reduced signifi-
cantly with slight changes in lift. Furthermore, it was
found that the effective stiffness that improved aero-
dynamic performance was in a range of about 0.5–10,
which corresponded to the wing stiffness of insects
with similar aspect ratios. Chen et al.33 investigated
the aerodynamic model of 2D and 3D flexible flapping
wings. Their results showed that the aerodynamic per-
formance of a flapping wing during pitching flight and
heaving flight could be improved significantly by the

Figure 20. Comparison of mean lift generated by rigid and

flexible MAVs at different forward speeds.14

Figure 21. Stroke angle (�) and difference of lift generated by

rigid and flexible MAVs at different forward speeds.14
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asymmetric flexibility. This improvement was because
the negative lift in the upstroke was alleviated by the
twist deformation and positive camber of the wing.
Agrawal and Agrawal93 experimentally studied the
aerodynamic performance of a flapping wing, which
had the deformable behavior of a hawkmoth
(Manduca sexta) wing. The flexible wing was con-
structed using a combination of materials (carbon,
nylon, and rubber) for the veins and a latex mem-
brane. They concluded that for all kinematic patterns,
the thrust was increased by the flexible wing when
compared to the rigid wing. In an experiment carried
out by Wu et al.,94 elasticity of flapping wing and
thrust generation of six pairs of hummingbird-
shaped membrane wings were presented. They sum-
marized that for a certain spatial distribution of wing
flexibility, it had an effective frequency range for
thrust generation. At wing beat frequencies that
thrust was produced, the important role of the wing
flexibility was underlined, namely, bending and twist-
ing deformation interacted with aerodynamic loads to
enhance wing performance under a certain condition.
Tobing et al.26 also evaluated bumblebee propulsion
under the effects of wing flexibility at an advance ratio
of 0.2 and flapping amplitude of 16�. They indicated
that uniform- and reduced tip stiffness wings pro-
duced averaged thrust with a difference of about
3%. Meanwhile, the rigid wing produced drag
instead. Therefore, they stressed the importance of
flexible wing for the aerodynamic performance and
propulsion that a bumblebee could not fly forward
if its wings were not modeled as deformable struc-
tures. This result was done similarly to an earlier
work found by Nagai et al.,95 who indicated that at
this advance ratio, the bumblebee could only fly for-
ward with trust producing, if it flapped with a higher
amplitude of 60�. Lee et al.29 investigated the flap-
ping-wing characteristics under the effects of flexibil-
ity during hover and forward flight. They found that
wing flexibility improved thrust with the increasing
flapping frequency, as shown in Figure 22. However,
the advance ratio was the cause of the thrust dimin-
ishment for flexible flapping wings, especially at high
flapping frequency motions, as shown in Figure 23.

Deng et al.96 numerically simulated the aero-
dynamic characteristics of single- and double-flexible
flapping wings of DelFly. Their simulation showed
that more aerodynamic force was generated by the
double-wing flapping configuration during hovering
flight. Namely, the double-wing case gave the aver-
aged thrust coefficient of 0.3, whereas the single-
wing cases provided a coefficient of 0.25. Besides,
the thrust generated by both cases was equal approxi-
mately during the instroke phase. However, during
the outstroke phase, the force was noticeably
improved by double wings, as shown in Figure 24.
This was explained by stronger LEV phenomena
during the outstroke in the fling phase. However,
the force enhancement was not observed by the

clapping mechanism because of the neutralized inter-
action from the wings at the end of the outstroke, as
seen in Figure 25. The results also showed that during
forward flight, the vortex structures at the velocity of
1, 2, and 3m/s were qualitatively similar. However,
they mainly changed in wavelength, namely, the
wake was stretched and extended larger at a higher
incoming velocity. In a most recent study, clapping
and flinging motion of flapping wings was studied
by Jadhav et al.97 by means of force measurement
and particle image velocimetry (PIV). They indicated
that the clapping mechanism of the flexible wings
barely contributed to lift enhancement since the
momentum jet ejected from the trailing edge of the
wings was low at the end of the clapping motion.
Further force measurement and CFD simulations
and in their work also revealed that the shorter dis-
tance between the wings at the end of clapping motion
could provide higher lift enhancement due to the sub-
sequent flinging motion. The flexible wings performed
a larger lift enhancing LEVs during the fling motion
after the shorter clapping distance. In addition, there
have been several studies of the effects of wing flexi-
bility on the aerodynamic performance and energy
recovery by means of force measurement and analytic
method. For instance, Pourtakdoust and Aliabadi98

evaluated the propulsion system capabilities of a 3D
membrane Flapping Micro Air Vehicle (FMAV)
under a new aeroelastic model utilizing the Euler-
Bernoulli torsion beam and quasi-steady aerodynamic
model. Mazaheri and Ebrahimi99 measured the aero-
dynamic performance of a 3D membrane flapping
wing in terms of lift and thrust. Results from both
studies indicated that the FMAV could reach opti-
mum propulsive efficiency when the proper wing stiff-
ness was used for the wings. Jankauski et al.28

analytically investigated flapping-wing energetics

Figure 22. Aerodynamic performance in terms of averaged

thrust response at different flapping frequencies.29
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under the effect of structural deformation. Results
showed that considerable strain energy storage could
be provided by wing deformation, and this energy
could be reused for wing acceleration/deceleration
during a flapping cycle. It was thought that this
mechanism might reduce the inertial power require-
ments during flight. Also, they suggested that wing

flexibility could decrease energetic expenditures.
This corroborated the conclusions of several other
researchers.76,100,101

Effects on wing acoustics

In nature, the sound of insects, such as bumbling
sound or buzzing of bees, mosquitoes, or flies, is gen-
erated by its flapping-wing mechanism. This flapping
sound generation in many kinds of insects including
other biological flyers is considered as a byproduct of
lift generation or a signal of mutual communica-
tion.102–105 Besides, it is believed that this sound
results from aerodynamic perform around the flap-
ping wings such as LEV, TEV, and TV caused by
the complex fluid–solid interaction between the flap-
ping wings and the flow field,106,107 including other
parameters such as wing geometry and flapping amp-
litude.105 This sound is considered as aeroacoustics
and a scaling analysis105 is presently supplemented
to understand the quantitative relations of the mean
lift, mechanical power, and sound power. This ana-
lysis shows that flapping wing could operate at (1) a
lower flapping frequency, (2) larger stroke amplitude,

Figure 23. Aerodynamic performance with respect to the advance ratio: (a) thrust response with 10-Hz flapping motion, (b) thrust

response with 20-Hz flapping motion, (c) thrust response with 30-Hz flapping motion, and (d) averaged thrust responses.29

Figure 24. Thrust-coefficient enhancement by mechanism of

clap-fling motion in hovering flight.96
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and (3) lower wing aspect ratio to reduce the noise
produced by the wing while continuing the same aero-
dynamic performance. In fact, the natural phenom-
ena are complicated because wings of biological
flyers or insects involve wing flexibility.32,46,47,108

The structure of a flexible wing undergoing the flap-
ping mode, which is like vibration of the structure,
may cause some of the energy from the structure to
escape into the air, some of which emits as a
vibroacoustic sound. The fluctuation of spatial and
temporal air pressure which is caused by these phe-
nomena propagates spherically as a sound wave. In
this section, it further reviews from the earlier sec-
tion, reviewing the flexibility effects on aeroacoustics
is presented through open literature to obtain a com-
prehensive understanding of phenomena of the
sound generation and its propagation, mechanism,
and function. This can suggest how to control and
function the noise generated by insect-like MUAVs
and UAVs for the perfect design of biomimetic
applications, namely, MAVs and MUAVs should
have the high-aerodynamic performance like insect
flight but low noise.

Following the rapid and dynamic growth of CFD
approaches, the prediction of computational aeroa-
coustics (CAA) is basically succeeded using three
groups of the numerical technique. First, the hybrid
approach is introduced and according to the name,
the computational domain is split into different
regions so that the governing equations are solved
for the flow and acoustic fields, respectively. The
flow field in terms of the velocity and pressure of
flapping wings obtained from solving the Navier–
Stokes equations can be done by steady-state or tran-
sient analysis. The flow field is then used to calculate

sources of aeroacoustics. The governing equation of
acoustics is solved through the acoustical sources for
the sound propagation using several methods such as
Lighthill’s analogy,109 and the Ffowcs–Williams–
Hawkings (FWH) equation.110 Second, the direct
numerical simulation (DNS) is a CAA approach
based on the compressible Navier–Stokes equation.
With this approach, the flow field and the aerodynam-
ically generated acoustic field in near and intermediate
ranges are solved directly. The advantage of the DNS
is that the sound calculation is not limited by the low
range of Mach number and compactness of source
region (near-field acoustics).111 Nonetheless, high
computational resources are required. Third, the
CAA is calculated using an acoustic/viscous splitting
technique.112 In this technique, the calculation of the
compressible viscous flow is decomposed into the time-
dependent calculation of an incompressible flow and
the calculation of a perturbed compressible flow.
Then, the acoustic results are considered by the fluctu-
ation in the far field.

In this review, the FWH equation that is based on
Lighthill’s acoustic analogy and DNS are summarized
below as presently they have been widely employed by
several groups of researchers for CAA in biomimetic
flyers, MUAVs, and MAVs, which will be mentioned
in the subsections of this part.

1. FWH:

The velocity and pressure of flapping wings
obtained from the Navier–Stokes equations are used
to evaluate the sound pressure by solving the FWH
equation, as seen in equations (34) to (38).105,110,113

Figure 25. Flow fields between single and clap-fling configurations at t/T¼ 0.7: (a) pressure, (b) velocity in x-direction, and

(c) vorticity in y-direction; slice shown was located at 70% chord.96
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Then, the sound pressure level (SPL) can be calculated
from the acoustic pressure in equation (39).

Pac r, tð Þ ¼ Pthickness r, tð Þ þ Ploading r, tð Þ

þ Pturbulence r, tð Þ
ð34Þ
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d
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Pturbulence r, tð Þ ¼
@2T

@x2
ð37Þ

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þMa2 � 2Ma cos �

p
ð38Þ

SPL ¼ 20 log
� Pac

PRef

�
ð39Þ

where Ma is the Mach number. In flapping flight,
Mach number may be very small and hence K¼ 1.
pb denotes the pressure distribution, r is the distance
from sound source, which usually is the geometric
center of the wing, to the observer, vn stands for the
velocity normal to the wing surface, r represents the
angle between the vector normal to the wing surface
and the vector at observer position, co is the sound
speed, S is the wing surface, and PRef is the reference
pressure. In FWH equation, the acoustic pressure is
calculated from pressure under the influence of wing
thickness, wing air loading, and turbulence of flow
around the wing. This leads to the incorporation of
monopole, dipole, and quadrupole sound sources.
However, the quadrupole source is often ignored
because the acoustic power of the quadrupole source
is insignificant at low Mach-number conditions which
match the flapping motion of insects.104 More details
about the application of the FWH equation to other
problems can be seen in Guo.114

2. Direct numerical simulation (DNS):

The DNS directly solves transient compressible
Navier–Stokes equations using high-order schemes
of the combination of aerodynamic and acoustic
fields for the acceptable accuracy of the pressure fluc-
tuation. Then, the SPL and its spectrum can be pre-
dicted. With DNS, some difficulties obtained from the
hybrid approaches can be averted such as the match
between different numerical methods.115 The full
transient-compressible Navier–Stokes equations, as
expressed in equations (40) to (42), are solved by the
DNS116 and all scales are resolved down to the
Kolmogorov length.
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ð45Þ

p ¼
�T

�Ma2
ð46Þ

Here, Pr is the Prandtl number and � is the
molecular viscosity which is computed using the law
of Sutherland.

For biomimetic flyers, the acoustic pressure gener-
ated by rigid or flexible flapping wings is commonly
calculated by the immersed boundary method (IBM)
due to its advantage in the moving-body calcula-
tion.105,108,117 To further simulate and approach nat-
ural of sound generation and propagation of
biological flyers, Wang and Tian108 and Wang
et al.117 introduced the simultaneous computation of
DNS and IBM for aerodynamic and acoustic solu-
tions of fully fluid-structure–acoustics interaction
in problems with large deformations and complex
geometries. The governing equations of fluid
dynamics and the flexibility of deformable structures
are solved independently. The interaction force
between the fluid and structure, as expressed in equa-
tion (47), is computed explicitly using a feedback
law118 based on the penalty immersed boundary
(pIB) method.

Ff ¼ �

Z t

0

Uib �Uð Þdtþ � Uib �Uð Þ ð47Þ

where
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Here, Uib is the integrated boundary velocity in the
flow, U is the velocity of the structure, and � and � are
constants with a large positive value. u is the fluid
velocity, X is the structural-node coordinates, x is
the fluid coordinates, s is the arc coordinate for a
2D domain, V is the fluid domain, � is the structure
domain, and dh is the smoothed Dirac delta function
as reported by Peskin.119 In addition, aerodynamic
sound can be calculated by means of analytic
approaches as well.45,47 As summary, the recent stu-
dies on the effects of flexibility on wing acoustics are
listed in Table 4 with key factors, acoustic investiga-
tions and methods.

Two-dimensional analysis

Weidenfeld and Manela45 investigated the acoustic
field of a thin flexible filament which was hanging
and undergoing small-amplitude harmonic heaving
motion under uniform mean flow parallel to itself,
high Reynold number, and low Mach number.
Based on the Powell–Howe acoustic analogy, a dis-
crete-wake model with the thin airfoil theory was
used to set the source term for a near-field sound
prediction, and then a Greens function approach
was used for the far-field sound calculation. Their
results indicated that a highly elastic filament gener-
ated the acoustic field which converged to the far field
of a hanging membrane in the limit of small flexural
stiffnesses. In general, the membrane generated the
highest sound levels and bending stiffness in highly
elastic configurations was prone to suppress the
sound level generated by the system. The role of the
wake sound contribution was introduced for these
phenomena, also. Purohit et al.46 numerically studied
aerodynamic sound in the far field under the effects of
flexibility at Re¼ 200 and Ma¼ 0.1 using an aeroa-
coustic hybrid method with two-step computational
technique and a surface source method based on the
Euler equations. A trailing splitter plate at the tail of
a bluff body was used for sound generation. The plate
was excited by upstream vortices generated by
the bluff body. Their results revealed that the flexibil-
ity caused the vortex field significantly and led
to an effect on the far-field aerodynamic sound.
Additionally, the flexibility increased sound pressure
and shifted the directivity pattern when compared to
the rigid plate, as seen in Figures 26 and 27. A further
study done by Purohit et al.120 highlighted the role of
flexibility effects in the aerodynamic sound produced
from a flow-induced vibration of the elastic plate
under external harmonic forced excitation. They indi-
cated that the harmonic force excitation of the flexible
plate, such as amplitude and frequency, has a great
impact on resultant far-field aerodynamic sound. In
addition, it was found that the presence of external
excitation affected the flow pressure and acoustic
pressure characteristics of the unforced vibrating
structures in the flow field.

Another role of the flexibility in acoustics was done
by Manela121 and Manela and Halachmi122 they
showed that wing flexibility was an important factor
when the acoustic sound was considered as it could
play a major role as sound generation damping or
amplification based on the actuating frequency of
the wing.121,123 In recent work, Springer et al.124

investigated fluid-structure–acoustic coupling for a
flexible flat plate installed behind a step. Results indi-
cated that vibroacoustic sound propagation was
based on the temporal displacement of a flexible
plate located in the wake region of the step, loaded
with turbulent pressure and shear stress forces.
Results also showed a strong influence of the inter-
action between structural deformation and acoustic
medium, including considerable damping effects on
the structural deformation. Wang and Tian108 exam-
ined the combined interaction of fluid structure and
acoustics of flexible flapping wings at a Reynolds
number of 100 and Mach number of 0.1 using a tech-
nique of the DNS and fast Fourier transform (FFT)
at a distance of 40L; L¼ chord length. Results
showed that the lift had an important role in sound
production and the sound directivity was observed in
an eight shape, and the direction of the sound shifted
clockwise, as seen in Figure 28. This figure also indi-
cated that the flexibility (!*) (1) increased the RMS
values of the fluctuating pressure in all directions, (2)
transformed the acoustic field from dipole directivity
to monopole directivity, and (3) enhanced the shift of
sound directivity. The results also presented the flap-
ping frequency (f0) and its double (2f0) obtained by
the FFT analysis of the fluctuating pressure. This ana-
lysis indicated that f0 was found in the vertical direc-
tion, whereas 2f0 and performed in the horizontal
direction. In addition, the fluctuating pressure at f0
and 2f0 was plotted in the polar diagram and it indi-
cated that the fluctuating pressure at f0 was a dipole
one, as shown in Figure 29(a). The diagram also
showed the shift effects at 2f0 and the slight decrease
in the maximum sound along the circumference
caused by the wing flexibility, as seen in
Figure 29(b). They deemed that this corresponded to
the clockwise shift since the increment in the ampli-
tude of the thrust and bending deformation, which
was caused by the flexibility, was significant, as
shown in Figure 30(b). Besides, it was observed that
the resultant effects caused by the thrust and lift domi-
nated the maximum fluctuating pressure.

Nedunchezian et al.125 used the FWH equation to
evaluate the sound pressure of a 2D wing with the
fruit-fly scale in hovering flight at Re¼ 100 and
Ma	 0. They indicated that the SPLmax strongly
depended upon the effective stiffness and the reduced
frequency number of the wing, as seen in Figure 31(a)
and 31(b), respectively. This suggested that wing flexi-
bility was a key factor in reducing the sound gener-
ation. A relationship among kinematics, aerodynamic
force, and the sound was drawn in their results, also.
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With the reduced frequency number of 0.3 and effect-
ive stiffness of 0.42, it provided the highest efficiency
of 0.56, a low power requirement of 1.8, and a rela-
tively high lift of 1.0, thereby causing the SPLmax of
80.5 dB, which agrees well with the measurements of
fruit flies reported by the reference.126 They suggested
that the biological flyers might fly with high efficiency
and low acoustic production instead of the motion
with the highest force generation so that it could con-
sume low power and lower sound production. In add-
ition, the highest SPLmax of 85dB was found at the
highest lift of 3.3.

Three-dimensional analysis

So far, very little contribution to sound generation
and its propagation and mechanisms produced by
flapping wing flyers have given when wing flexibility
is taken into account, particularly in the 3D model. As
far as we know, only computational work was con-
ducted by Geng et al.32 They studied the unsteady
flow and characteristics of far-field acoustic of a 3D
flexible-wing model; Tibicen linnei cicada like at a
distance of 75c in spherical direction, where c¼ chord,
during forward flight. They found that flapping sound
was directional, the dominant frequency varied
around the wing. The pattern of acoustic distribution
matched the pattern of aerodynamic distribution very

well for f for the flexible wing and both f and 2f for the
rigid wing. However, the dipole axis change of the
pressure perturbation for the flexible wing might
lead to a mismatch of 2f pattern, as shown in
Figures 32 and 33. Another observation from the

Figure 26. Comparisons of three cases for (a) normalized

pressure (p0/p1) against time and (b) normalized pressure at

distance 400 L against frequency spectrum; L¼ side length of

bluff body.46

Figure 27. (a) Sound pressure directivity for the three cases

and (b) sound pressure distribution for flexible plate at radial

distance of 400 L at different times; L¼ side length of bluff

body.46

Figure 28. Sound directivity generated by flexible wings at

distance of 40L; !� denotes frequency ratio obtained by com-

bining bending rigidity in calculation, so it represents flexibility

effect.108
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figures was that the first and second modes of har-
monic frequency showed a different pattern of
sound propagation between the rigid and flexible
wings because of highly complex phenomena from
wing kinematics and loadings. Furthermore, the rota-
tion and deformation in the flexible wing were found
to help lower the sound strength in all directions.
They also indicated that directivity obtained from
both f and 2f showed a dipole-like pattern in 3D,
but the direction of the dipole axis was different.
The flexible wing results in the dipole axis shift and
SPL reduction for both frequencies when compared to
the rigid counterpart. With the same wing model,
Geng et al.127 further studied the effects of wing flexi-
bility by investigating the generation of flapping noise
and force simultaneously. They found that the flexible
wing generated lower sound in all directions because
the wings produced lower aerodynamic forces and the
directivity of the flapping tone changed gradually with
the wing flexibility, as seen in Figures 34 and 35.
Besides, they pointed out the relationship between
aerodynamic forces and dynamic pressure forces.

Specifically, the aerodynamic forces scaled with the
dynamic pressure force. In Figure 35(a) and 35(b),
one could observe that the relative magnitudes of
the aerodynamic forces and dynamic pressure force
for each model were similar in general for both down-
stroke and upstroke. However, the flexible models
produced higher aerodynamic forces but lower
dynamic pressure forces than the rigid model in the
y-direction for the downstroke. These phenomena
suggested that the kinematics of the flexible-wing
models played both positive and negative effects on
the forces, namely, even though it reduced the
dynamic pressure force, it maintained the high lift
during downstroke. The reason might be explained
by the fact that the primary mechanism of lift gener-
ation during downstroke was LEVs, which were
affected by the vortex dynamic rather than the
dynamic pressures.

Recommendation

Aerodynamic aspect

Although studies of the flexibility effects on wing
aerodynamic performance have been conducted for
a very long time for biomimetic flyers, MUAVs, and
MAVs, there are still a lot of aspects available for
design improvement. Some recommendations for the
aerodynamic aspect under the wing-flexibility effects
are given for the future development of the biomim-
etic flyers, MUAVs, and MAVs.

1. According to the review, most of the researches
conducted investigations of biomimetic flyers,
MUAVs, and MAVs either experimental or
numerical approaches, only the part of wings
was considered. This isolated wing study is insuf-
ficient because the flapping-wing motion has an
impact on other parts of the flyer body and vice
versa. Therefore, using multi-body dynamics is
needed for a more accurate analysis, thereby
improving the prediction of aerodynamic
performance.

2. Because the body part of most biological flyers
and insects, which is likely to be the biggest part,
is not rigid indeed, so the body flexibility may have
to be considered and only the body angle in body
kinematics seems insufficient for its description.

3. In natural, biological flyers must survive under
changeable environments such as rainy, snowy,
windy, and sandy. It seems that only wind gust
is taken into account. Studies of other environ-
mental factors like flight under the rain, snow, or
even cross-wind gust are limited. An effort to con-
tribute toward this kind of study is still challen-
ging for durable biomimetic flyers, MUAVs, and
MAVs design.

4. As well known about the favorable and unfavor-
able effects of LEVs, TEVs, and TVs from a

Figure 29. Polar diagram of fluctuating pressure at distance

of 40L at (a) f0 and (b) 2f0 when Re¼ 100, !� ¼ 5.0, �¼ 45�,

�m¼ 45�, Ma¼ 0.1, and Ur¼ 1.0.108
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flexible wing on the aerodynamic performance in
terms of lift, thrust, efficiency, and power con-
sumption, searching for methods to increase this
favorable effect and reduce the unfavorable effect
is still important. Besides, more active control util-
ization for a desired aerodynamic performance
needs to be used.

5. Energy extraction under wing flexibility is in-
sufficiently understood. Further studies of this
mechanism and its function can lead to better
utilization of power storage and recovery of
biomimetic flyers, including MUAVs and
MAVs.

6. Although many pieces of open literature have stu-
died the wing flexibility under hovering and for-
ward flights, research on transition flight, which
involves flow physics around wings and body,
such as flight mode between hover and forward
flight, from rest to takeoff/landing vertical in an
arbitrary plane in 3D space is limited. Thus, the
research on these conditions can provide future
innovations in biomimetic flyers, UMAVs, and
MAVs with multipurpose applications.

7. A few comprehensive data based on experiments
in aerodynamic performance under the wing flexi-
bility have been provided. Thus, the experimental
study needs to grow. For example, the refer-
ences16,78,79,128 used PIV techniques to analyze
the flow field around the flapping wing.

8. Implementations of the fluid–solid interaction are
limited. Development of the numerical approach,
such as the IBM, to further study and obtain
accurate results of the full fluid–solid interaction
of biomimetic flyers is still needed. This can be
seen in a comprehensive review done by Deng
et al.129 and Huang and Tian.130

Figure 30. Time histories of (a) CL, (b) CT, (c) Cp, and (d) �p when Re¼ 100, �m¼ 45�, �¼ 90�, Ma¼ 0.1, and Ur¼ 1.0. White and

gray and regions indicated upstroke and downstroke, respectively.108

Figure 31. Correlation between SPLmax and (a) effective

stiffness and (b) reduced frequency number.125
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9. Optimal and robust designs for geometry and its
kinematics, material properties, flight conditions,
including environmental factors are required.
These designs request close coordination of
combined computational and experimental
investigations.

Acoustic aspect

To reach a highly effective performance of the flyers,
noise generated by flexible wings needs to be coupled

to aerodynamic performance simultaneously.
Unfortunately, due to very little contribution to a
problem of flexible wings, the effects of the flexibility
on acoustics have not been well understood so far.
Consequently, this problem still opens widely and
challenges both experimental and computational
approaches for studying this inherently integrated
interaction. The following recommendations are
given for the acoustic aspect under the wing-flexibility
effects.

1. A 3D study of the fluid structure acoustics inter-
action should be extended experimentally and
computationally because flexible wings are under
the significant influence of the combined deform-
ations in the chordwise and spanwise directions.
This will provide more useful data of the flapping-
wing motion with the fluid structure acoustics
interaction to obtain a comprehensive understand-
ing of biological flights, thereby improving the
design of insect-like flyers, MUAVs, and MAVs
for the real flight of biological flyers.

2. To be detailed, the interplay between the kine-
matics, resultant aerodynamic forces and struc-
tural dynamics, and sound generation of a
flexible wing undergoing flapping flights needs to
be investigated more to elucidate the relation
between the kinematics, aerodynamics, and acous-
tics of the wing under the flexibility effects.

3. Besides, sound generation and propagation mech-
anism based on macroscopic and microscopic

Figure 32. Comparisons of acoustic and aerodynamic patterns using SPL and CN, respectively for (a) rigid flapping plate and

(b) flexible flapping plate.32

Figure 33. Iso-surface pressure at two sides of wing. Arrows

indicated pressure perturbation direction at time instant.32
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views under the wing flexibility are still insuffi-
cient. Research in these issues can increase under-
standing of sound-wave phenomena produced by
a flexible wing, thereby leading to other acoustic
applications of flyers and ways to control and
function this sound.

4. Based on the numerical approach, the improve-
ment of stable and accurate numerical techniques
for CFD/CAA is still needed, especially in flexible-
wing problems using DNS. Usually, DNS requires
high-order schemes with low dissipative and low
dispersive errors in space and time, including well-
designed boundary conditions for accurate predic-
tion of sound generation and propagation to the
far field. However, instability is commonly
observed. Therefore, ways of alternative schemes
with some interest are still open such as optimized
low-dispersion schemes and their development
that are developed for instability reduction

with acceptable accuracy of computational
results.131–133

5. As the recommendations are given in (1)–(4),
although very little open literature has been
reviewed, it was done by means of numerical
approaches. There is a serious shortage of experi-
mental studies for this problem. Therefore, the
experimental study needs to be carried out more
because benchmark experiments are used to
develop accuracy of numerical results predicted
by CFD codes.

6. As it is known that the structure of a biological
wing is anisotropic and cambered under the flexi-
bility, the flexural distribution of the wing is likely
to cause not only aerodynamic performance but
also wig acoustics. These considerations should
be addressed as well.

7. The analysis of flexible wing acoustics is still crit-
ical to the future of biomimetic flyers due to the

Figure 34. SPL distributions of all models for each of harmonics at r¼ 75c in (a) stroke plane, (b) perpendicular plane, and (c) saggital

plane; violet for M1, green for M1þ 0.50M2, blue for M1þ 0.75M2, gray for M1þ 1.00M2, orange for M1þ 1.25M2, and red for real

motion.127
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complicated problem of the integration of vibroa-
coustic and aero-acoustic sounds. Hence, a thor-
ough understanding of isolated and combined
mechanisms is needed.

8. Doppler effect or the Doppler shift, which is the
change in frequency or wavelength of a wave
caused by a moving/stationary observer and the
moving/stationary wave source, may be taken
into account for the wing flexibility. Since when
an insect generates a sound wave during hovering,
forwarding or turning flight, it is under the Doppler
effect. The knowledge of this mechanism leads to a
considerable improvement in the design of biomim-
etic flyers, especially in military missions.

Conclusion

Since the theoretical aeroelasticity for flapping-wing
aerodynamics was introduced in the 1920s, the effects

of flexibility on aeroelasticity have been paid more
attention to aerodynamic design. In recent years, the
trait of the wing flexibility is applied for small-scale
wings of biomimetic flyers including MUAVs and
MAVs. So far, the growth of research and develop-
ment of the flexibility effects on the aerodynamic per-
formance and agility for these flyers with flexible
wings increases through experimental and computa-
tional studies dynamically and rapidly as it is widely
thought and believed that the wing flexibility should
provide positive effects like biological flyers. This
review on the flexibility effects on wing aerodynamics
and acoustics, which is helpful to the design of bio-
mimetic flyers, MUAVs and MAVs, is conducted up
to date. Kinematics, important nondimensional par-
ameters, and significant contribution to the flexibility
effects on wing aerodynamics and acoustics are sum-
marized and presented in table form. Overall, this
review paper provides a new set of references in

Figure 35. Comparisons of (a) aerodynamic forces, (b) dynamic pressure forces, and (c) aerodynamic force coefficients in three

directions. [M1þ aM2; a¼ degree of flexibility, M1¼ principle mode 1; a mode of a simple flapping motion in stroke plane with 80% of

total kinetic energy, and M2¼ principle mode 2; a mode of wing morphing with about 15% of kinetic energy.127
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acoustic investigations under the wing-flexibility
effects which will be beneficial to other literature
reviews in the future.
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