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Abstract

Optimum  aeroelastic design method of a
resonance type flapping wing for Micro Air
Vehicle is presented. The method employs
Complex Method and a 3D Navier-Stokes code
to determine the optimum structural and
aerodynamic parameters of a two-degrees-of-
freedom flapping wing system. The method is
applied to the design of a dragonfly-type MAV,
and it is shown, by numerical simulation, that
the flapping wings thus designed can generate
the enough lift which sustains its weight and the
enough thrust which overcomes the body drag

efficiently.

1 Introduction

Recently, worldwide study on insect like Micro
Aerial Vehicle has been intensified. One of the
key technologies of such wvehicles is the
development of an efficient and light weight
flapping wing. In order to generate lift and
thrust efficiently, the wing should be oscillated
in a coupled flapping (rotational oscillation
around a flapping axis) and feathering motion
(twisting motion around the span wise axis) for
which the phase advance angle of the feathering
motion ahead of the flapping motion is about 90
deg. There are two methods to give such motion
to the wing. Those are the forced oscillation
method and the resonance type oscillation
method. The forced oscillation method gives a
constant amplitude oscillation to the wing using
the mechanism composed of cam and link,
while the resonance type oscillation method
utilizes the resonance phenomenon of the
elastically supported wing by applying the
external force oscillated at the natural frequency

of the system. The flapping wing system based
on the former method becomes heavy due to the
existence of cam and link. In addition to this,
the fatal shortcoming of the former is that the
amplitudes of the flapping and feathering
motions cannot be changed depending on the
various flight conditions. As shown by
Kamisawa and Isogai[l] the optimum flapping
wing motions of dragonfly changes largely
depending on the flight condition. It is also clear
that the additional aerodynamic forces, which
are needed for stability and control of the
vehicle, cannot be generated if the amplitudes of
the flapping and feathering motions cannot be
changed. On the other hand, the resonance type
flapping wing system provides light weight
device since it does not need cam and link
mechanism. However, it has been believed that
arbitrary control of the amplitudes and phase
angle of the flapping wing motions has also
been difficult. Recently, Isogai et al.[2] have
proposed a new concept of two-degrees of
freedom resonance type flapping wing which
enables the arbitrary control of the flapping
wing motions. In [2], Isogai et al. have shown
the theoretical basis of the concept and
demonstrated its feasibility by the numerical
simulation using 3D Navier-Stokes code which
takes into account the aeroelastic effects.

The analytical model of the two-degrees-of-
freedom resonance type flapping wing system
we have proposed is shown in Fig. 1. The wing
which is assumed to be rigid is supported
elastically for flapping and feathering motions,
by the springs whose spring constants are K
and Ko, respectively. In the figure ¢ and 6 are
flapping and feathering angular displacements,
respectively. Q is the torque around the flapping
axis, which is applied to excite the system. As



Fig. 1. Sketch of two-degrees-of-freedom
resonance type flapping wing.

shown in [2], it is easy to derive the equations of
motion of the system and to obtain the
analytical solution of them when we neglect the
effects of the aerodynamic forces by assuming
that the stiffness of the springs are large enough
for neglecting the aerodynamic forces. By
coupling the analytical solution with an
optimization algorithm, we have determined the
structural parameters of the wing (mass and
moment of inertia distributions), strengths of
springs (or uncoupled natural frequencies of the
system) and the amounts of torque and damping
as the nondimensional quantities, that realize the
wing motion specified by the designer (for
example, the wing motion at hovering
condition). As the next step, they have
demonstrated [2] that the arbitrary wing motions
(amplitudes of flapping and feathering motions)
can be realized only by changing the amount of
damping without changing the structural
parameters and the amount of the applied
torque, that are determined in the first step. The
results obtained in [2] could be applied to the
insect-type flapping wing whose springs are
sufficiently stiff compared with aerodynamic
stiffness. As the application of this concept, they
have applied it to the dragonfly type flying
robot (the full span 20 cm; mass 20 g; flapping
frequency 34 Hz; we call this model as NBU
model), which is under development at Nippon
Bunri University. In order to evaluate the effect
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of the aerodynamic force, which was neglected
in the optimum design, they conducted the
numerical simulation using the 3D Navier-
Stokes code [3], [4]. As the results of the
numerical simulation, it became clear that the
phase difference between the flapping and
feathering motions show about 50deg deviation
from the ideal 90deg due to the aerodynamic
effects. As a results of this, the flapping wing
motions obtained are not necessarily efficient.
In order to improve this point, the optimum
aeroelastic design which couples the equations
of motion of the resonance type flapping wing
including the aerodynamic effect with the
optimization algorithm might be effective to
obtain the more efficient flapping wing. In this
paper, we will present such an optimum
aeroelastic design of the two-degrees-of-
freedom resonance type flapping wing system
using the 3D Navier-Stokes code as the
aerodynamic tool.

2 Numerical Simulation of Two-Degrees-Of-
Freedom Resonance Type Flapping Wing

For the numerical simulation of the present
two-degrees-of-freedom (2DOF) resonance type
flapping wing, we employ modal approach
which utilizes the natural vibration modes of the
present 2DOF flapping wing system. That is, the
displacement of the wing in y direction can be
expressed as

y(x,z,t) = Z%(?@Z)q,-(t) (1)

where ¢; is the i-th natural vibration mode and its
analytical solution can easily be obtained, and
where ¢q; is the generalized coordinate. By
employing the Lagrange’s equations of motion,
we obtain the ordinary differential equations for
gi,» which gives the aeroelastic response of the

e as follows:
M’q" + (a)i2 /a))giMiq.i + O)izMiqi
B J‘J.Ap(xazaf)¢,~(x,z)dxdz +Q, sinwt for i=1, 2
S
(2)
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where Q, and ® are amplitude and circular
frequency of the applied torque, and where M,; is
the generalized mass of the semispan wing and
is given by

M, =1,+28,K,+1,K}
for i=1,2 3)

where Iy, Se, Ig, K; are defined by the following
equations:

L=z {[ (s, z)dx}dz @)
S, = J‘ZZ:Z{Lhord m(x, Z)xdx}a’z (5)
I,= E {L - m(x, z)xzdx}dz (6)

K, :(1¢/S9)(_1+(a)¢/a)i)2)
for i=1, 2 (7)

where m(x,z) is the mass per unit area of the
wing, and where z, and z; are z-coordinates of

the root and tip stations of the wing, respectively.

In Egs. (2), w; is the natural circular frequency of
the system, the analytical solutions of which can
easily be obtained as the functions of the
uncoupled natural circular frequencies ®g, ¢
and the inertial parameters I, Iy and Se. The first
terms of the right hand sides of Egs. (2) are the
generalized aerodynamic forces, and Ap(X,z,t) is
the aerodynamic loading which is evaluated
using the 3D Navier-Stokes code [3]. g; in Eq.
(2) is the damping coefficient. In order to
compute the aeroelastic response of the wing,
Eq. (2) and the NS equations are solved at each
time step using the finite difference technique.
For the computation of the aeroelastic response
of the flapping wings of the dragonfly type
flying robot, which has two pair of wings, Eq.
(2) can be applied to both the fore- and hind-
wings, except that the second term of the right-
hand side should be replace by Q,sin(wt+¥) for
the hind-wing, where W is the phase advance
angle of the applied torque of the hind-wing
ahead of the fore-wing.

2.2 Optimum Design of Two-Degrees-Of-
Freedom Resonance Type Flapping Wings of
Dragonfly-Type Robot

In order to determine the structural and
aerodynamic parameters of the resonance type
flapping wings of a dragonfly type flying robot,
we have developed an optimization code by
coupling the numerical simulation code
described in the previous section and the
optimization algorithm. The code is applied to
the design of the dragonfly type robot which is
under development at Nippon Bunri University
(NBU). The sketch of the NBU model and the
wing planform are shown in Figs. 2 and 3,
respectively. The weight of the robot is 20gf.
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Fig. 2. Dragonfly type MAV.
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Fig. 3. Planforms of fore- and hind-
wings.

In Fig. 2, ¢s is the stroke-plane angle, and the
suffixes F and H mean fore- and hind-wings,
respectively. (It should be noted that y-axis
shown in Fig. 1 coincides with the stroke-plane



shown in Fig. 2) As seen in Fig. 3, the robot has
four rectangular wings of the same size. If we
assume that the right and left wings flap
symmetrically around the body axis (x-axis), it
can easily be identified that the wing motions of
the four resonance type flapping wings of the
robot are governed by the following 18
dimensionless aerodynamic and structural
parameters: that are

k, &s, W, So/lor, Lot/ Lor, g/ @, 0o/, Ign/ Lo,
Sen/ Lor, Ton/ Ior, 0en/®, men/o,

Qot/( Tt 04t 2, Qon/( Lor gt >), 61, Er2s Ehis S
(8)

where k is the reduced frequency defined by
bsw/Ve (bris the semichord of the fore-wing, ®
is the frequency of excitation; Vi is the
reference velocity and is 11.8 m/s); ¢s is the
stroke plane angle; g, and g, are the damping
coefficients for the first and second natural
modes, respectively, and where the suffixes f
and h mean the fore- and hind-wings,
respectively. It also should be noted that the
parameters Iy and Vi can be given by the
designer. In the present optimization study,
these 18 dimensionless quantities are taken to be
the design variables, and the following function
F is taken to be the objective function which is
to be minimized, namely,

F= Cwl(Ltarget - L)2 + CWZ(Ttarget - T)2 (9)

where Liarger and Tiarger are the target lift and
thrust, respectively, while L and T are the time
mean lift and thrust, respectively, obtained by
solving the equations of motion coupled with
the 3D Navier-Stokes code. Cy,; and Cy, in Eq.
(9) are the weighting constants. Liarger and Trarget
are the quantities given by the designer
depending on the flight condition.

As the optimization algorithm, we employed
the Complex Method [5] which is one of the
direct search methods without recourse to the
derivatives. In the Complex Method, the
optimization process proceeds by the use of
flexible figures of K > N+1 vertices in N
dimensional design space, where N is the
number of design variables (N = 18 in the
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present problem) and we have taken K = 21
vertices. In Fig. 4, four vertices (the points A, B,
C and R) are shown for illustration purposes.
Each vertex corresponds to a specific aero-
elastic response of the wing, which is specified
by the 18 design variables in the present
problem. The objective function and the
constraint functions (gs, gp, gh, h2 In the
present problem) at each vertex are evaluated

Xz

B
R
Rejected
/ point
ad
AN

New

. Centroid
point A

of A,Band C

—> X,

Fig. 4. Complex Method.

using the method described in the previous
section. Then, the worst vertex (the vertex that
gives the highest value of F: point R in Fig. 4)
is found, and is rejected. A new point N is found
such that the new point is located at a distance
od from the centroid M of the vertices A, B and
C in the opposite direction to R, where d is the
distance between M and R, and where o is a
coefficient used to accelerate the convergence,
usually taken as o = 1.0-1.3. We call this
process Rule 1. Next the objective function F
and the constraint functions g, gp, ghi, Sho at
the new point N are evaluated using the method
described in the previous section. If the
constraint function does not satisfy the specified
value of the constraint, namely, gp>0, gp>0,
2n1>0, g,»>0, the point N is shifted toward the
centroid M such that the distance between the
new point N and M is half the previous distance.
We call this process Rule 2. Rule 2 is repeated
until the constraint is satisfied. Rule 1 and Rule
2 are repeated until the converged value of F is
obtained. The 18 design variables that give a
minimum F give the optimum aerodynamic and
structural parameters of the robot. Further
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details of the complex method are explained in
[6].

Usually, it takes about 8§ — 12 cycles of
oscillation to obtain the converged periodic
solution for one combination of 18 variables,
consuming about 4 — 7 days of computation

time on our computer (Intel Pentium 4 class PC).

Therefore, we interrupted the computation at the
iteration step of the optimization after 4 cycles
of oscillations to save the computation time. (As
shown later, we have obtained the relatively
good results even if we took this measure.)
Since the most important capability of the insect
type flying robot is its hovering capability, we
conducted the present optimization study of the
NBU model for hovering condition. As pointed
out previously, the designer can specify the
values of Iyrand Vi, depending on the robot he
wants to design. For the present NBU model,
we gave the following values:

14=2.27 X 107 kgm?®, V=118 m/s

As the target values of lift and thrust, we gave

Liarge=0.245 N (1.25 times of the weight of
the robot) and Tiarge=0 .

In the Complex Method [5], the appropriate
initial values of the design variables should be
given before starting the iterative steps of the
optimization. In the present study, we used the
optimum design variables which were
determined in [2], where the effects of the
aerodynamic forces were neglected. As shown
in Fig. 5, we have obtained the converged
solution with F=O(10’4) after 65 iteration steps.
The results thus obtained are as follows:

k=0.208, ¢s=1.6 deg, y=11.8 deg,
S6=0.668x10" kgm?, TIo=2.75x10" kgm®,
0¢=239.8 rad/s, wer=286.3 rad/s,
I4n=2.58x10" kgm®, Sp,=0.674x10" kgm®,
Ton=2.78x10" kgm?,

0¢n=245.4 rad/s, wey,=240.2 rad/s,

Qo=0.0165 Nm, Qo4=0.0204 Nm,

£n=0.0888, gn=0.0679, gn1=0.291, g,»=0.153,

(10)

20 L
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Fig. 5. Convergence history of iteration
steps.

From the definition of k, the frequency of
excitation is 244.9 rad/s (39.0 Hz). The
coupled natural frequencies of the fore- and
hind-wings are as follows:

®;=226.6 rad/s,
on1=217.0 rad/s,

op=314.4 rad/s
®p=280.6 rad/s

(1)

As described previously, the aeroelastic
response computation at each iterative step was
interrupted at 4 cycles of oscillation before the
converged periodic solution was obtained.
Therefore we have recalculated the aeroelastic
responses of the wings for 12 cycles of
oscillation using the optimum solution given
by Egs. (10). In Fig. 6, the aeroelastic response
(the responses of the flapping and feathering
displacements) of the fore- and hind-wings for
12 cycles of oscillation are shown. As seen in
the figure, the periodic solution has been
obtained after 4 — 8 cycles of oscillation. In
Fig.7, the responses of the flapping and
feathering displacements of the fore- and hind-
wings at the 12th cycle of oscillation are shown.
It is identified that the amplitudes of the
flapping oscillations of fore- and hind-wings are
20 deg and 25 deg, respectively, and the
amplitudes of the feathering oscillations of fore-
and hind-wings are 31 deg and 28 deg,
respectively, and that the phase differences
between the flapping and feathering motions of

5



the fore- and hind-wings, that is important for
the efficient lift and thrust generation, are 98
deg and 136 deg, respectively. The necessary
power of 2.95 W is abut 28% improvement over
the optimum design [2] obtained by neglecting
the effects of aerodynamic force. Fig. 8 shows
the responses of lift and thrust at the 12th cycle
of oscillation. The mean lift and thrust are 0.230
N (1.17 times of the weight of the robot) and 0.0
N, respectively. In Fig. 9, the flow patterns (iso-
vorticity distribution) around fore- and hind-
wings are shown.

dr, O, dn, O, [deg]
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Fig. 6. Aeroelastic responses of the fore- and
hind-wings for 12 cycles of oscillation.
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Fig. 7. Aeroelastic responses of fore- and
hind-wings at 12th cycle of
oscillation.
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Fig. 8. Time histories of lift and thrust at
12th cycle of oscillation.
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Fig. 9. Flow patterns (iso-vorticity
distribution) around a fore- and hind-
wings for hovering condition.

As the next step, we have conducted the
aeroelastic response computation for V=7m/s,
where V is the advance velocity, to see whether
the optimum design parameters determined for
the hovering condition (V=0 m/s) is still
effective or not for other flight conditions. The
computation for this case is performed using the
same design parameters given by Egs. (10)
except that ¢; and ¥ were replaced by 75 deg
and 90 deg, respectively. Fig 10 shows the
aeroelastic response of flapping and feathering
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displacements of fore- and hind-wings at the
12th cycle of the oscillation.

dr, O, dn, 01 [deg]
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Fig. 10. Aeroelastic responses of fore- and

hind-wings at 12th cycle of oscillation
(V=Tm/s).

From the figure, it is identified that ¢,~=23 deg,
Om=20 deg, 6,=24 deg, O,,—=-4deg, AL=88 deg,
Oon=28 deg, ¢mp=16 deg, 0,,=37 deg, O,p=2deg
and AAp =113 deg, where ¢mr and ¢mp, Omr and
Omn are the time mean values of the flapping and
feathering displacements of the fore- and hind-
wings, respectively. The phase differences (A,
A Ap between the flapping and feathering
oscillation are close to 90 deg both for the fore-
and hind-wings. Fig. 11 shows the flow pattern
(iso-vorticity distribution) around the fore- and
hind-wings. Fig. 12 shows the time histories of
lift and thrust. The time mean lift is 0.423 N
which is 2.16 times of the weight of the robot
and the time mean thrust is 0.115N which is
grater than the estimated body drag of 0.086N.
The necessary power predicted is 3.80 W for
this case. From these results, we can conclude
that the present resonance type flapping wings
whose aerodynamic and structural parameters

were determined for the hovering condition are
still effective for V=7 m/s.
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3.27586
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1.89655
-2.24138
-2.93103
-3.62069
-4.31034
5
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Fig. 11. Flow patterns (iso-vorticity
distributions) around fore- and
hind-wings
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Fig. 12. Time histories of lift and thrust at
12th cycle of oscillation
(V=7 m/s).

5 Conclusion

Optimum aeroelastic design method of a
resonance type flapping wing for Micro Air
Vehicle is presented. The method employs
Complex Method and a 3D Navier-Stokes code
to determine the optimum structural and
aerodynamic parameters of a two-degrees-of-
freedom flapping wing system. The method is
applied to the design of a dragonfly-type MAV,
and it is shown, by numerical simulation, that

7



the flapping wings thus designed can generate
the enough lift which sustains its weight and the
enough thrust which overcomes the body drag
efficiently.
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