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Aerodynamic Model for Tandem Flapping Wings

A. H. M. Faisal* and A. Filippone'
University of Manchester, Manchester M13 9PL, United Kingdom

Abstract

An aerodynamic model for tandem flapping wings is proposed. The model attempts to
represent insects such as the dragonfly. Two advances are presented: the aerodynamic model
with tandem wings flapping simultaneously, and the wing stroke optimization. The aerodynamic
model accounts for the inflow effects of the front wing (fore-wing) on the rear wing (hind-wing).
The stroke is optimized at two flight conditions (acceleration and level flight) by using a heuristic
optimization procedure (particle swarming). The vector of the design variables consists of 28
independent parameters (14 per wing), each with a constrained range derived from the maximum
available power, the flight muscle ratio and kinematics of real insects. The cost function is the
propulsive efficiency coupled with constraints for flight stability. Prediction of the level flight
efficiency is in agreement with the flight muscle efficiency. The maximum acceleration is found
to be dependent on the size of the flight muscle. Finally, a study of the wing shape is presented
for both level and accelerating flight conditions.

Nomenclature

Qy, = wing relative acceleration, y-axis
Gy = wing relative acceleration, z-axis
by = wing thickness

ce(r) = wing chord

c(7) = normalized chord

c = mean chord length

Cy = drag coefficient

C4(0) = drag coefficient at o = 0 degree
Cyq(m/2) = drag coefficient at o = 90 degrees
C = lift coefficient

Cr = wing rotational lift coefficient
Cy = wing translational lift coefficient
Cy = horizontal force coefficient

C, = vertical force coefficient

Cy = rate of the wing rotation

dr = wing section

dt = time step

D = drag

f = frequency (motion frequency)

*Tutor, Department of Aerospace Engineering, University Putra Malaysia; currently Ph.D. Student, School of
Mechanical, Aerospace and Civil Engineering, University of Manchester. Student Member ATAA.
TReader, School of Mechanical, Aerospace and Civil Engineering, University of Manchester. ATAA Senior Member.
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= total force

= force due to added mass

= force due to circulation

= force due to inertial forces

= force due to viscous dissipation

= force vector component on the wing, x-axis
= force vector component on the wing, y-axis
= force vector component on the wing, z-axis
= horizontal excess force

= horizontal specific excess force

= vertical excess force

= vertical specific excess force

= attainable specific excess force

acceleration of gravity

wing inertia added-mass term

= rate of the wing reverse direction

lift

insect mass

insect muscle mass

insect wing mass

= added mass term

= added mass term

wing moment

multiplier period in the vertical plane
number of wings

power due to aerodynamic forces

= power due to inertial forces

= total power, Pjper + Paero

= distance measured from wing root to wing tip

= normalized wing span

= semi-span

= rotation matrix

= wing area

= time

thrust

wing relative velocity, y-axis
wing relative velocity, z-axis
= wing translational velocity
= wing motion velocity, y-axis
= wing motion velocity, z-axis
= flight speed

= weight

= angle of attack

= mean angle of attack

= stroke plane angle

= translational circulation

wing moment due to added mass and viscosity



T'r = rotational circulation

10) = weaving angle

0 = flapping angle

n = pitching angle

Nevel = level flight efficiency

1 = non-dimensional viscous torque (0.2)
p = fluid density

®ms Om, tm = amplitude
b0,00,m, = offset angle

P (1.0.0) = phase difference

w = angular frequency, 27 f
Qin0.0) = angular velocity
Subscripts

e,n,0,¢ = wing reference frame

/ = fore-wing

h = hind-wing

I Introduction

At present there is considerable interest in the physics of flight at very small scale. This interest is
a mix of fascination with insect flight and the technology drive to design smaller and smaller flying
platforms. Nature-inspired flight is one of the avenues being explored. For example, the dragonfly
can routinely accelerate with a 3¢ rate to a speed of 10 m/s on its own body muscles!?, and is
capable of generating an instantaneous lift five times greater than its weight3. Each of its wings
can be actuated independently?*; this allows greater maneuverability at a fraction of the energy
required by other insects of comparable mass®. Marden® recorded that the flight-muscle growth of
the dragonfly is approximately double its body mass during adult maturation.

56 and its relation to

Most of the research on dragonflies has focused on flight characteristics
the wing configuration”%?. There are studies on the kinematic variations*!? and the flow interac-
tion1i1%13 " The study of Wang & Russell'* on the effect of the fore- and hind-wing interactions
has shown that the dragonfly would use minimum power to generate the required force in hovering
flight. Lehmann® published a study of the wing-wake interaction of wings in tandem configura-
tion and contended that the aerodynamic efficiency can be enhanced by recovering energy from
the wake. A further review of tandem and biplane wings was shown by Platzer et al.'®, where
the authors observe that biplane configurations are not present in nature, possibly due to poor

efficiency in hover flight.

Aerodynamic models for tandem wings are somewhat limited by the computing times required.



Since the flapping wing can be regarded as a case of moving boundary problem, body-fitted or
unstructured-grid methods are employed in computational fluid dynamic solutions!'”. The ex-
perimental work of Warkenting & DeLaurier '®, inspired by the dragonfly, included a parametric
study of various flapping tandem configurations without parameter optimization, and concluded
that asymmetric flapping is inefficient. However, the experiments highlight the fact that the large
number of degrees of freedom needs exploring with rational methods.

This paper contributes a low-order aerodynamic model that is able to couple both fore- and
hind-wing together and to account for the interaction of the flow, particularly the fact that the hind-
wing operates in the slipstream of the fore-wing. We introduce an aerodynamic model expanded
from an earlier contribution!? whilst retaining a reduced level of computational cost.

The estimation of the optimum kinematic parameters for the wing is obtained via a particle
swarm optimization?°. Each of the design variables is subjected to a constrained range derived from
experimental studies of the dragonfly®%2!. The cost function of the optimization is the propulsive

efficiency coupled with constraints for flight stability.

IT Wing Aerodynamic Model

This section describes the mathematical model for fore- and hind-wing in multiple wing design
configuration. Since this method is fully described in a previous paper'?, only a brief explanation of

the method is presented, along with the developments arising from the tandem-wing configuration.

A  Wing Geometry

An elliptical function (tear-drop shape) is used for the fore- and hind-wing shape:

4¢ 72

c(r) - 1‘@ (1)

where ¢ is the mean chord length, R is the wing length, and r is the radial distance measured from

the root to the wing tip. The reference chords and spans (radii) of the wings are given in Table 1.

Table 1: Mean chord length ¢ and wing length R of the dragonfly fore- and hind wing.

‘ ¢ (mm) R (mm)

Fore-Wing 5.88 27.85
Hind-Wing 7.68 26.90




In order to have the closest similarity to an insect wing (real wing shape), a set of polynomials
is used to approximate the dragonfly wing planform. The new equation is derived from the analysis

of the digital photograph shown in Fig. 1.
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Figure 1: Dragonfly wing. The thick solid line represents the wing derived from Eq. 2.

() = a+bi + i + di + et + 7 (2)

where ¢(7) is the normalized chord and 7 is the normalized wing span. For each wing, the polynomial
coefficients are grouped into two sections, representing the upper and lower part of the wings,

respectively. The corresponding coefficients for each part of the wing sections are given in Table 2.

Table 2: Coefficients of the polynomial Eq. 2.

Fore-Wing Hind-Wing

Upper Lower Upper Lower
a 0.0154 —0.0273 0.0321 —0.0144
b 0.4146 —1.0711 —0.0206 —2.6763
c —0.4984 3.1849 0.9173 7.6848
d —2.6774 —5.5107 —4.0000 —8.9040
e 6.7850 5.2309 6.8385 4.5981
f —4.0250 —1.8304 —3.7509 —0.7086




B Wing Kinematics

A parametrized kinematics model is applied in describing the fore- and hind wing motions?2. There
are three angular movements: weaving ¢, back and forward in the horizontal plane; flapping 6 in
the vertical plane; pitching 7 is the rotating angle about a span-wise axis (axis lies at mid-section

of the chord). These angles are calculated from

o(t) = smiﬁIn(K) sin~! [K sin(27 ft + ®4)] + o (3)
0(t) = Oy, cos(2m N ft + Py) + O (4)
n(t) = tar:lzl?c,ﬂ tanh | Cy sin(27 ft + ®,)| + 1o (5)

C Coordinate Definitions and Transformation

The wing is assumed to move freely as a thin rigid flat plate pinned at the root, with the flapping
kinematics realized by rotations about a fixed joint. The rotation and the translation of fore-

(subscript f) and hind wing (subscript h) are calculated using a rotation matrix

R)rny = (Ra)rny Ro)rny Ro)rny (R s.n) (6)
where
1 0 0 cosf 0 —siné
Rg=| 0 cosf sinf |, Ryg= 0 1 0
0 —sinf8 cosp sinf 0 cos#
(7)
cos¢ sing 0 1 0 0
Ry=| —sing cos¢p 0 |, R,=| 0 cosp —sinn
0 0 1 0 sinn cosn

The local position of the fore- and hind-wing from the earth axes (subscript e) to the blade element

axes (subscript 1) can be transformed via a rotation matrix

Py(rhy = (R)(1,n) Pesn)

(8)

The local velocity of the wing can be evaluated numerically using a finite difference approximation

of Eq. (8) at times ¢ and ¢ + At over a period 7.



D Aerodynamic Forces

The forces on each element of the wing with respect to the n reference frame (Figure 2) are calculated

via numerical integration.

Stroke plane

\ —ry T
/

Wing-tip path
__________ Horizontal (earth) ¢

&-_-——"
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| Clock-wise wing motion 7
: Earth axis
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Figure 2: Flow geometry for blade element at radial station r.

Wing plane axis
(n reference frame)

—— = == = —

(Fn,aero)<f,h> = (FC)(f,h) + (FAM>(f,h) + (FViS)(fyh)

(Fn,iner)(f,h> = (Finer)<f,h)

(9)

This is a summation of four force components: the force due to circulation (F¢)y,5y; the wing inertia

(Finer)(,ny; the added mass (Fan)s,n); the viscous dissipation (Fy;s)ssy. The force components

(y, z) for both fore- and hind-wing are

(11)



R
Famy = /0 (maogun) — myiay) dr

R
Fay,. = _/0 (mi1un — masay) dr
R

Frisy == | = 50¢(r) [Ca(0) cos®(a) + Calm/2) sin*(@)| (Vi + e2)udr

R
Fyis . = —/0 %p e(r) [Cd(O) cos?(a) + Cy(n/2) sin2(a)} (Vu? +v2)vdr

with the circulation I', the added mass terms mq1, moo and the wing inertia I, defined by

I = 7%@5 (\/m) sin 2« ¢(r) + %Cr‘ i c*(r) (14)

1 1 1
mip = Zﬂpb? and Moy = 1P A(r) and I, = o5 ((r) 4 b?)? (15)

where v and a,, and v and a, are the y-axis and z-axis local velocity and acceleration component
on the 7 reference frame. The density of the fluid is p = 1.225 kg/m?; the mass is m = 121.9 x 1076
kg; the aerodynamic coefficients are taken from Berman & Wang?? and Usherwood & Ellington??,

as given in Table 3.

Table 3: Aerodynamic coefficients of the dragonfly fore- and hind-wing.
| Ca(0)  Caln/2) C,

Fore-Wing | 0.12 2.71 us
Hind-Wing | 0.14 2.85 s

The lift due to the wing translation C} is calculated via the extended lifting line theory, adapted
from Taha et al.?*.
The force is transformed from the 7 reference system back to the earth reference system by

multiplication of Eq. (9) with the inverse matrix (R™1) s p

(Fe)ipm = R pm (Fu)ipn (16)

Thus, the net lift to weight ratio L/W from fore- and hind-wing can be determined from

L _ Ny [(Fe,z)f + (Fe,z)h]
W o (a7)




where N,, is the number of wings, and g = 9.81 m/s? is the acceleration of gravity. By multiplying
the respective forces with their moment-arms, the moments (M, M, M) are obtained. The power
due to aerodynamic and inertia effects can be determined by multiplying the respective moments

with the angular rotations (£2,, £y and €2)

Paero = Nw % ’M:ch + MyQO + MzQ¢‘aero

(18)
Piper = Ny 7{ |M:an + MyQO + MZQ¢|iner
Finally, the total power resultant from both fore- and hind-wing is
P = (Paero + f)iner)f + (Paero + Piner)h (19)

E Induced Velocity

The interaction between the fore-wing on the hind-wing is modeled via some induction factors, as

shown in Fig. 3. The inflow angle of the fore-wing is estimated from

a1 (U gt 2Lt ap)
Yy = tan <Uf>—tan vy (1= dy) (20)

The hind-wing is affected by the inflow of the fore-wing. The inflow component v, of the hind-wing

is multiplied by the axial induced flow factor of the fore-wing according to the following equation:

—tan-t (22 = tan—? [v. (14 ap)] (1 +ap)
=t <“h> ‘ vy (1 —a}) (21)

where u and v of both wings are the local velocity components on the ¢ reference frame calculated
from Vg = Ry Rg RgVe.

The flow of the fore-wing extends downstream and enters the area of influence (or actuator
disk) of the hind-wing. It is assumed that the air approaching the hind-wing already has a portion
of the fore-wing velocity in the z direction, normal to the stroke plane. This assumption is similar
to the experimental results of Gravish et al.?°, in which the resultant airflow from a pair of wings
working together is higher than the total air flow from individual contributions. The axial (a) and

radial (a’) induction factors are calculated as shown in Ref.!.



Disc plane
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Figure 3: Flow interaction due to the slipstream (induced flow) of the fore-wing on the hind-wing.

F Stroke Optimization

The optimization of the wing kinematics is carried out with the particle swarming optimization2°.

Here, the chosen cost function are maximum propulsive efficiency for level flight and maximum

acceleration for accelerating flight; with constraints on the flight stability, muscular power ratio®,

flight muscle ratio%, and wing kinematics?!.

Table 4: Range (or constraints) for the optimal model parameters.

Parameter ‘ Fore-Wing Hind-Wing
f 30.0 - 45.00 Hz 30.0 - 45.00 Hz
Om 30.0° - 60.0° 30.0° - 60.0°
O, 1.0° - 20.0° 1.0° - 20.0°
Nm 1.0° - 90.0° 1.0° - 90.0°
oo —30.0° - 30.0° —30.0° - 30.0°
0, 5.0° - 30.0° —30.0° - —=5.0°
Mo —90.0° - 90.0° —90.0° - 90.0°
@, —180.0° - 180.0° —180.0° - 180.0°
Dy —180.0° - 180.0° —180.0° - 180.0°
o, —180.0° - 180.0° —180.0° - 180.0°
K 0.01 - 1.00 0.01 - 1.00
N lor2 lor2
Cy 0.01 - 5.00 0.01 - 5.00
Bm 5.0° - 30.0° 5.0° - 30.0°

In level flight, the lift is equal to the weight (L = W) and the thrust is equal to the drag

(T = D). In accelerated flight, the lift and thrust are greater than the weight (L > W) and the

drag (T > D), respectively. The range for the model parameters of the wing kinematics is given in
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Table 4, following the observation range of data from the experiment by Wakeling & Ellington?!.

Furthermore, as to comply with the physical power of the real insect, the available power has
to be limited?%. Following Marden® and Wakeling & Ellington?’, the maximum flight muscle ratio
Mmuscle/M and the available muscular power ratio P/myscie can be assumed equal to 60% and
150 W /kg, respectively. Hence, by equating these two values, the available power P/m is estimated

to be at a maximum of 90 W /kg.

G Flight Performance
The level flight efficiency 7jepe; can be determined from the relation between the amount of thrust
T and power P required,

TV
Nievel = ? (22)

In order to simulate vertically accelerating flight, the sum of the vertical force produced from both
wings (fore- and hind-wing) must be greater than the weight. Similarly, the horizontal component
of the thrust has to be greater than the drag to accelerate the insect horizontally. The excess

vertical and horizontal forces, F), and F}, respectively, can be computed from

Fy=(Ly+Ly)—W (23)

Fy, =Dy + Dy (24)

where Ly, L, and Dy, Dj are the lift and drag forces generated by the fore- and hind-wing,
respectively. For convenience, the acceleration is presented in terms of g force. The non-dimensional

vertical and horizontal specific excess forces are:

.

F,— v 2
W (25)

_ E

Fp = Wh (26)

Finally, the attainable specific excess forces F, produced can be formulated as

F2=F?+F} (27)
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IIT Results and Discussion

We present the results of tandem flapping wings in level and accelerating flight; we include the

analysis of the wing kinematics and the wing shapes on each flight mode.
A Level Flight

The flight speed range is based on the speed of dragonflies observed by Wakeling & Ellington?!,

ranging from 0.25 m/s up to 2 m/s, with an increment of 0.25 m/s.

—B—TW -A a -—e—3

m

1
~
o
T 1
w
o

N\
[ )

T

o

S
T
N
N

* Fm

m

——
o
~

0.4+

>
>
T
IS
o
T
®

0.3+

\
T
n
o
Mean Angle of Attack, a_ (degrees)
T T
— n
o X
Stroke Plane Amplitude, B_ (degrees)

0.2 L e e L e e L 30
0.00 025 050 0.75 1.00 125 150 1.75 2.00 225
Vv

T
e
N

Figure 4: Thrust ratio, mean angle of attack and stroke plane angle of dragonfly in level flight
mode.

Figure 4 shows the thrust ratio, mean angle of attack and stroke plane angle of dragonfly in
level flight mode (the optimization is applied at each value of V). The mean angle of attack is
calculated based on the average value of both wings over a full flapping period. From this figure,
it shows that the wing stroke plane angle increases with the flight speed, whilst the thrust and
the wing mean angle of attack are reduced. This reduction in thrust is as indicated by Mazaheri
& Ebrahimi?®. The changes in these wing angles are consistent with those measured by Azuma
& Watanabe® and Wakeling & Ellington?!. With a lower angle of attack, the amount of thrust
required to overcome the drag would be lower.

From Fig. 5, the power is reduced to a minimum when the flight speed is 1.5 m/s. This is similar
to the results presented by May' and Azuma & Watanabe®, which was predicted the minimum
power to be at a speed between 1 and 2 m/s. The relationship between the power and the kinematics

of the wing could give the best logical correlation in describing the changes of power over the range
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Figure 5: Power ratio, frequency and weaving angle of dragonfly in level flight mode.

of flight speed. The results indicate that the frequency f and the weaving angle ¢,, at each speed

follow the trend of the predicted power.
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Figure 6: Flight efficiency of dragonfly in level flight mode.

As shown in Fig. 6, the maximum flight efficiency in level flight is predicted to reach 12.7%
at V= 1.5 m/s. This is in agreement with the flight muscle efficiency measured by Wakeling &
Ellington ?”; these authors provided estimates of ~13% on the basis of measurements of the thoracic

temperature elevation and the thermal conductance of the thorax.
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B Accelerated Flight

In this section, an analysis is conducted to predict the dragonfly’s maximum acceleration. This is
to assess claims (Ref.1%3) that the dragonfly would able to generate an enormous amounts of force
that can be used for accelerating in such high-speed flight manoeuvres (e.g. take-off or in escape).
It is known that the size of the flight muscle is relative to the size, maturation, and species of the
insect%2?. Here we simulate the maximum acceleration with flight muscle ranging from 30% to

60%; this equates to power-to-weight ratio between 50 W /kg and 90 W /kg.

—@— Vertical
—A— Hori |
orizonta °
B 47 /
S
) ® A
%) / -
8 3 /. A~ -
2 ._—’. -~
(0] A~ -
Q A- — — A- -~ "~
3 24
Q.
(9]
1 T T T T T T T T T
50 60 70 80 90
P/W

Figure 7: Vertical and horizontal specific excess forces corresponding to the available power.

Figure 7 shows a logical correlation that the vertical and horizontal specific excess forces are
increasing with the amount of available power. The vertical specific excess force is 10 to 20% higher
than the horizontal specific excess force for a given power-to-weight ratio. The lowest vertical and
horizontal specific excess forces is at P/W = 50 W /kg with F,, ~ 2.7 and F}, ~ 2.4, and reaching
the highest at P/W = 90 W /kg with F, ~ 4.4 and F, ~ 3.5.

Figure 8 shows the maximum attainable acceleration increases with the amount of prescribed
available power. The predicted g force has a minimum of ~3.6 and maximum of ~5.6 at P/W =
50 W/kg and P/W = 90 W/kg, respectively. These values are comparable to the measurements

reported in the literature?.
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Figure 8: Maximum attainable acceleration corresponding to the amount of available power.

C Wing Kinematic Analysis

An analysis of the wing kinematics for level and accelerating flight modes is shown to validate the
model with real insect wing kinematics 242!, The fore- and hind-wing tip paths relative to the wing
base for level and accelerating flights are presented in Fig. 9 and Fig. 10, respectively.

Figure 11 and Fig. 12 show the wing kinematics for the two flight modes. In this analysis,
we selected the wing kinematics at V' = 1.25 m/s for the level flight and at P/WW = 60 W/kg
accelerating flight.

Figure 11(a) indicates that the fore- and hind-wing flap out-of-phase in level flight. The largest
phase difference is measured at V' = 2 m/s, at which point the hind-wing leads the fore-wing by
~30 degrees. However, as shown in Fig. 11(b) for the accelerating flight, the wings flap in-phase.

Figure 11(c) illustrates the changes in phase for level and accelerating flight modes. These
results are in agreement with observations made by Riippell? & Alexander?, who reported that
the dragonfly flap its wings in-phase to generate higher propulsive forces. Tandem flapping wings
have optimal phase patterns depending on the flight condition, which is also in agreement with the
results presented by Diana3V.

The pitching angles of fore- and hind-wings in the two flight modes are illustrated in Fig. 12.
This figure shows that the magnitude of the pitching angle are different for these two modes,
with lower pitching amplitude in level flight (n;) than in accelerating flight (72), as illustrated in

Fig. 12(c). However, the changes of the pitch angle n on each stroke for both flight modes are found
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Figure 9: Simulated wingtip paths relative to the wing base for level flight. The axes are normalized

to wing length.
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Figure 10: Simulated wingtip paths relative to the wing base for accelerating flight. The axes are
normalized to the wing length.

the same; both start with lower n during the first half-stroke (or down-stroke), 0 < cycle < 0.5.

This is because during the down-stroke the wing moves in the direction of the flight and provides

higher lift. During the upstroke the inflow is reduced. In this instance, a larger pitch angle is

required to compensate for the reduction of the relative inflow. The changes in angle of attack and

the relative velocity during down-stroke and upstroke are illustrated in Fig. 13. The changes in the

wing kinematics (¢ and 1) are in line with experimental studies

9;31;32



18

90+ - 90+ -
— — Forewing — — Forewing
& 604 & 604
[0] [0]
o o
g g
o o
s s
g g
(=) ()]
C C
© ©
o o
£ <
> >
3 3
= =
-90 T T T T : -90 T T T T :
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Cycle Cycle
(a) Level flight, V' = 1.25 m/s. (b) Accelerating flight, P/W = 60 W /kg.
¢f /’-\ ¢f ,”-\
\
/ \ / \
\ \
" —>t/T 1\ > t/T
IS ’ IS, ’
P pid | \\ i
SV SR 3
I\\ [IEN
|

(c) Mlustration on the changes of phase pattern. Level flight (left) and accelerating flight
(right).

Figure 11: Simulated weaving angle of fore- and hind-wing in two flight modes.

D Wing Shape Analysis

Furthering from the analysis of the tear-drop wing shape, a comparison of flight performance in
level and accelerating flight between the tear-drop and real wing is presented; the wings have equal
area and wing span. The kinematics of both wings is optimized for maximum propulsive efficiency
in level flight, and maximum acceleration for an accelerating flight. The tear-drop and real wing

shapes are illustrated in Fig. 14.
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Figure 14: The tear-drop and real wing shapes.
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Figure 15: Flight efficiency with two wing shapes.

Figure 15 shows that the level flight efficiency of the real wing shape is higher than the tear-drop
wing shape over the range of speeds. With the upper limit increases of up to ~12% at 2.0 m/s.
The efficiency of the real and the tear-drop peaks at V' = 1.50 m/s. The magnitude of acceleration

with the real wing is slightly higher than that of the tear-drop wing over the range of available
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Figure 16: Maximum attainable acceleration with tear-drop and real wing shapes.

power, Fig. 16. This is attributed to a larger chord on the mid-section, as shown in Fig. 14.

IV  Conclusions

An aerodynamic propulsion model has been developed for tandem flapping wings. Our aim was
to study the propulsive characteristics in level and accelerated flight of an insect-size vehicle. The
model proposed accounts for flow interference between fore- and hind wing. Inflow corrections have
been introduced in the direction normal to the stroke plane. The propulsion model was coupled
with an independent numerical optimization capable of handling multiple-parameters disjoint search
spaces. The stroke optimization was demonstrated for cases with 28 independent parameters.

The changes in power at each flight speed can be correlated with the changes of the wing
kinematics. The predicted level flight efficiency is in agreement with the experimental results of
flight muscle efficiency. The maximum attainable acceleration is found to increase with the size of
the flight muscle (or power available).

Through the analysis of the wing kinematics, it is shown that the wings will flap out-of-phase
to fly efficiently in level flight. However, to obtain maximum acceleration, the wings flap in phase.
This result is in agreement with observations of dragonflies in nature.

A separate analysis addressed the role of different wing shapes (tear-drop and dragonfly wing
planforms). The results indicate that the real wing shape has better propulsive efficiency and
acceleration than the tear-drop wing. Interdependencies between the flapping kinematics, the wing

shape and the wing structure have strong influence on the optimal stroke.
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