
  

 

Abstract—Insects are able to create complex wing trajectories 

using power and steering muscles attached to the wing/thorax 

oscillation system. In this paper, we propose a dynamic model 

for such an oscillation system, and study its dynamic behavior. 

In particular, we model the wing as a rigid body with three 

degrees of freedom. The power muscle is modeled by a torque 

actuator and a torsional spring creating basic wing flapping 

(stroke) motion. Torsional springs at the wing longitudinal 

rotation and deviation axes are used to mimic the steering 

muscles. Aerodynamic forces and moments are calculated using 

blade-element analysis and quasi-steady aerodynamic model. 

Dimensional analysis shows that the dynamic behavior of the 

system is determined by the three spring coefficients and the 

input torque coefficient, and is characterized by four basic 

patterns of wing trajectories. By exploring the parameter space 

of these coefficients, we found that the wing trajectory that most 

similar to those of a real insect generates the best lift and power 

loading. Furthermore, a hybrid optimization algorithm is 

implemented to find the optimal stiffness coefficients that 

maximize the power loading. Notably, the results also indicate 

that the flapping trajectories with out-of-plane deviation 

achieve a better aerodynamic performance than those without 

it. The oscillatory property of this system does not only explain 

how insects use flight muscles to tune wing kinematics, but also 

allows for design simplifications of the wing driving mechanism 

of flapping micro air vehicles. 

I. INTRODUCTION 

Throughout the past decades, insect flight with flapping 
wings has attracted enormous attention due to their 
exceptional flight stability and maneuverability [1-4]. This is 
partially due to their ability to efficiently generate and subtly 
control wing flapping trajectories. Remarkable diversity in 
insect wing tip trajectories has been reported in literature 
[5][6]. For example, oval and figure-of-eight wing tip 
trajectories of bumble bees are shown in Figure 1 [5]. It was 
found that flies may rapidly change wing kinematics when 
steering, resulting in subtle and rapid alteration of wing tip 
trajectories [7]. It has been reported that a blowfly is able to 
change its wing trajectory from a figure-eight pattern (when 
the first and second basalare control muscles were inactive), to 
an oval shape pattern (when these muscles were activated). 
These changes in activation phase alter the stiffness of the 
control muscles, resulting in the alteration of the wing 
trajectory [7]. Therefore, this suggests that the wing trajectory 
control can be achieved by tuning the intrinsic properties of 
the wing oscillation system, in addition to directly applying a 
control torque. In addition, studies have suggested that the 
flapping wing with deviation may be more efficient in terms of 
the power expenditure [8]. 
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To investigate how insects generate different wing 
trajectories, it is necessary to understand the functionality and 
the physiology of their flight muscles. Flying insects employ 
two different types of muscles: power muscles and steering 
muscles [9]. Power muscles are primarily responsible for 
power generation, and are not directly attached to the wings. 
These muscles act as a self-sustaining oscillator that may 
execute several stroke cycles for every electrical stimulus 
received [10]. Additionally, these muscles have elastic 
properties that are able to conserve the kinetic energy during 
flapping and therefore increasing the power efficiencies 
[11][12]. On the other hand, steering muscles act as a 
transmission system that determines how the mechanical 
energy produced by the power muscles transfers into the wing 
[13]. Each contraction of the steering muscles is synchronized 
with the action of nerve impulse [9]. It was also recognized 
that the insects control a group of steering muscles to 
modulate certain kinematic features, resulting in a distinct 
manipulation of aerodynamic force vector [14]. 

 

  
In this study, we propose a lumped dynamic model aimed 

for capturing the fundamental mechanical properties of insect 
wing/thorax oscillation system and provide inspiration for 
flapping wing MAVs design. We seek to find an optimal wing 
trajectory for the proposed oscillation system. Different from 
previous studies on wing trajectory optimization (e.g., [8]), the 
fulcrum of the current work is the inclusion of the dynamic 
constraint (due to the oscillation system) in the optimization; 
in other words, the wing trajectory cannot be generated 
arbitrarily. The paper is organized as follows. Section II 
presents equations of motion for this dynamic model using 
blade-element analysis and quasi-steady aerodynamic model. 
Section III discusses how different wing trajectories are 
generated by the interaction between aerodynamic and elastic 
moments of the system. Section IV presents a hybrid 
optimization algorithm that combines a genetic algorithm and 
a Nelder-Mead simplex algorithm. With this algorithm, we are 
able to find the optimal wing kinematics that maximizes the 
power efficiency. Finally, section V concludes the work. 
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Figure 1. Wing tip trajectories for bumble bees in hovering flight. 
(Left) shows the oval shape, and (Right) shows the figure-of-eight 
(Adapted from [5]). 
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II. DYNAMIC MODELING OF FLAPPING WING OSCILLATION 

SYSTEM  

A. Definitions of Coordinate Systems 

The wing is assumed as a rigid plate and rotates through 
each of its three Euler angles: the stroke angle  , the rotation 
angle   and the deviation angle  . Figure 2 shows the 
coordinate systems and Euler angles of the wing. OXYZ is a 
body-fixed coordinate system, and oxyz is a wing-fixed 
coordinate system. The insect body is fixed in space and its 
longitudinal axis Z is aligned with vertical direction and X-axis 
is in the forward direction. XY plane corresponds to a 
horizontal stroke plane of the wing. Coordinate systems and 
their rotations corresponding to three Euler angles are 
presented in Figure 2, with           and       -denoting the 
intermediate coordinate systems.  

 

 
The resultant rotation matrix describing the wing 

orientation relative to the fixed body frame is 

       ( )  ( )  ( ) 

The angular velocity of the wing is given by 

    ̇      ̇     ̇                  

where 

      ̇          ̇     

     ̇      ̇ 

     ̇          ̇     

B. Models of Flight Muscles 

We model the power muscle as a combination of an 
actuator and a torsional spring, which applies torque about 
body Z axis to generate flapping. The actuator provides 

mechanical energy into the oscillation system while it is 
dissipated by aerodynamic damping. On the other hand, the 
steering muscles are modeled as two torsional springs about 
wing longitudinal rotation (pitching) and at the deviation axes. 
The actuator input torque       ( )  is assumed to have a 

sinusoidal form, 

       ( )         (    )     

where f is the driving frequency.     ,      and      are 

denoted as the elastic torques about wing stroke, rotation and 
deviation directions, respectively. They are given by 

               

             

              

where   ,    and    are corresponding stiffness coefficients. 

Therefore, the total torque of torsional springs is 

                   

C. Wing Morphology 

Wing morphological parameterization is adapted from 
Ellington [16], and Figure 3 illustrates the wing platform used 
in our model. We assume that the wing mass is uniformly 
distributed over the wing platform, with awing mass density of 
1200 kgm

-3
 and a thickness of 0.45    [17][18]. As the 

thickness of the wing is very small, the moments and products 
of inertia of the mass, respect to the wing-fixed coordinate 
system oxyz, is given by 

   [

     
       
       

] 

Values of morphological parameters are listed in Table I. 

  

D. Blade-Element Analysis 

For each wing blade element, we consider two force 

components estimated from quasi-steady aerodynamic 
model:  

    ( )＝      ( )       ( ) 

where   ( ) is the instantaneous aerodynamic force acting 

on a wing section located at spanwise location r,       ( ) 

and      ( )  are translational and rotational components 

respectively [1][19]. Aerodynamic forces and moments 

 
Figure 2. Coordinate systems and Euler angles. It shows a left wing with 

the vertical-body orientation. All origins of the coordinate systems share 

the same point, O. They are shown offset only for charity. The 

coordinate systems correspond to a negative value of   and positive 

values of   and  . Local angular velocities   ,    and    are plotted 

in light blue. Spirals in red represent flight muscles at each Euler angle, 

which will be discussed in Section II (B). 

 

Figure 3. Wing platform morphological parameters. 
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acting on a wing section are functions of the local wing 

velocity and the local angle of attack (AoA)  . The local 

wing velocity (ignore spanwise velocity) is 

       ( )  (       )                  

Components of the local wing velocity along x direction and 

z direction can be written as 

   ( )       

and 

   ( )      

TABLE I. MORPHOLOGICAL PARAMETERS USED IN SIMULATION. 

Symbol Description Value 

  wing length 3 mm 

  mean chord length 0.97 mm 

     
position of center of mass 
along spanwise 

1.5 mm 

     
position of center of 

mass along chordwise 
0.485 mm 

   wing mass density 1200 kgm-3 

 ̂  
radius of 1

st
 moments of 

wing area 
0.4500 

 ̂  
radius of 2

nd
 moments of 

wing area 
0.5178 

   wing mass 1.6 10-6 g 

    
moment of inertia of the 

wing about the   axes  
6.77 10-6 gmm2 

    
moment of inertia of the 

wing about the   axes 
9.53 10-7 gmm2 

    
moment of inertia of the 

wing about the   axes 
5.82 10-6 gmm2 

    
product of inertia of the 

wing 
1.64 10-6 gmm2 

 

The local AoA is defined as the angle between the wing 

chord and the direction of local velocity, which is calculated 

by 

   

{
 
 

 
 

 

 
           ( )                      

 
 

 
        ( )      ( )   

  

 
           ( )      ( )   

 

where 

        [  ( )   ( )]  

The local translational force       ( ) is given by [1] 

       ＝   ( )     ( )  

where    ( )  and    ( )  are drag and lift components. 

They are 

    ( )  
 

 
  ( )     ( ) 
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and 

    ( )  
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where 

   ( )   
      ( )
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   ( )    [     (  ( ))
 

 
]

      ( )

‖      ( )‖
   

   ( )               (         )   

   ( )              (          )   

where   is in degree, and      is the air density [1]. The 

location of the center of pressure at each wing section is 

estimated by 

          (   )       ( )(      | |      )   

[28]. Finally the translational moment is 

       ∫          (   )    ( )
 

 
  

The rotational force on the wing has the form [20] 

      ( )          ‖      ( )‖   ( )
       

where      is the rotational coefficient. Sane and Dickinson 
have shown      varies with the location of the longitudinal 
rotational axis, the theoretical value of which is given by [20] 

       (      ̂ )  

 ̂  is a non-dimensional term defined by the position of the 

axis of rotation. In our model, the rotational axis is along the 

leading edge (  ̂   ). The rotational damping force exerted 
on a wing element located at spanwise location   and 
chordiwsie location   [21] is 

      (   )   
 

 
       |  |    | |        

where     is the rotational damping force coefficient, and a 
value of 5.0 was used [21]. The acting point of the rotational 
damping force is 

    (   )           

We then have the rotational damping moment: 

     ∫ ∫    (   )       (   )
 

  ( )

 

 
  

Finally, the aerodynamic moment is 

                  

From the above equations, it can be seen that         . 

E. Equation of Motion 

In the wing-fixed coordinate system oxyz, the equations of 
motion of the wing can be written as 

    ̇                          ( ) 

where    is the gravity moment, which is given by 

    (             )          

Dimensional analysis is applied to reduce the number of 
variables and to get an insight into the possible mathematical 
structure of this oscillatory system. It is easy to see that the 
independent variable is time t, and the dependent variables 

are  ,   and  ; therefore we choose   
 ̂

 
,      ̂ , 

     ̂, and      ̂, and substitute them into Equation 

3195



  

(33). Then, we obtain dimensionless equations of motion, 
which is given by 

                       ̇̂     ̂     ̂     ̂    

  
 

   ̂  
 

     ̂  
 

     ̂     ( )  

From the above equation (35), it’s noted that the dynamic 
behavior of the system is determined by three dimensionless 
spring coefficients and one input torque coefficient. They are 

stroke stiffness coefficient  ̂ , rotation stiffness coefficient 

 ̂ , and deviation stiffness coefficient  ̂ , and input torque 

coefficient  ̂   , which are given by 

  ̂  
  

    
  

  ̂  
  

    
  

  ̂  
  

    
  

  ̂    
    

      
  

F. Lift-to-Weight Ratio & Hovering Efficiency 

The lift produced by the wing is calculated by projecting 
the total aerodynamic force       onto the vertical direction, 
which is given by 

              

Then the lift-to-weight ratio is given by 

   
  ̅ 

  
  

where   
̅̅ ̅ is the average value of the lift over one wingbeat, 

and   is the total weight of the insect. The insect is able to 
generate enough lift to fly only when    . 

Power loading is a direct indicator of efficiency in the 

hovering flight, which is defined as [22] 

    
  

      
  

where        is the total input power to the oscillation 

system from the power muscle, which is given by   

               (    ) ̇  

  ̅̅̅̅  is the average value of the power loading over one 
wingbeat. Note that, a higher power loading indicates a 

lower power consumption for generating lift and a better 

aerodynamic performance. 

III. SIMULATION OF FLAPPING WING OSCILLATION SYSTEM 

Given the dynamic model, we systematically vary 

rotation stiffness coefficient  ̂  and deviation stiffness 

coefficient  ̂ , while keeping stroke stiffness coefficient and 
input torque coefficient constant. The stroke stiffness 
coefficient is designed to achieve an approximate resonant 
motion,  

     √
  

   
 

which leads to 

  ̂  
(  )    

   
 

Based the morphologies in Table I, we have  ̂ =33.92. 

Preliminary simulation shows that a  ̂    above 17 will 
provide enough energy for system to generating enough lift 
overcoming the weight of the insect. Rotation stiffness 

coefficient  ̂  ranges from 2 to 20, incremented by 2, and 

deviation stiffness coefficient  ̂  ranges from 30 to 2010, 
incremented by 20. Total number of simulated cases in the 
parameter space is 1000. Dimensionless equations of motion 
are solved by ode45 in MATLAB [23], using a model of a 
fruit fly [24], which has a mass of 2 mg and the flapping 
frequency of 240 Hz. The wing was positioned vertically at 
mid-stroke at the initial condition, and it is accelerated from 
stationary by the input torque. The wing is driven to flap for 
40 wingbeats, the last 10 of which are used for further 
analysis. Then, the simulation results (i.e., wing angles, 
velocities and forces) are used to calculate lift-to-weight 

(a)                                                                                                        (b) 

     
 

Figure 4. Contours of lift-to-weight ratio (a) and mean power loading (b) as functions of deviation stiffness coefficient and rotation stiffness coefficient.  
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ratios and power loadings. 

Figure 4 shows the contour of lift-to-weight ratio and 
mean power loading as functions of deviation stiffness 

coefficient  ̂  and rotation stiffness coefficient  ̂ , in which 

a cubic interpolation fitting method was used [23]. We can 
see that the region of high lift and high power loading 
coincide for the parameter space investigated here. To 
interpret the result, the contours of lift-to-weight ratio and 
mean power loading are divided into four regions. In Region 

1, a very small region where the values of  ̂  and  ̂  are 

small, the wing is able to generate sufficient lift to overcome 
the weight. However, in the Region 2, almost no lift is 
generated. Wing trajectories in Region 3, the biggest region in 
the parameter space, generate the best lift and power loading. 
In Region 4, where deviation stiffness is high and rotation 
stiffness is low, both the lift and mean power loadings are 
low.  

The wing trajectories of four representative cases (R1, R2, 

R3 and R4) from each region are shown in Figure 5, the 
stiffness coefficients of which are list in Table II. Wing 
kinematics are plotted in Figure 6. We can see that only the 
wing trajectory in case R3 admits an insect-like trajectory, 
and trajectories in other three cases appear to be erratic. Case 
R1 has a large lift-to-weight ratio (L = 1.35), but a relative 
small power loading. The rotation angle exceeds 120 degrees 
and the deviation angle is between 17.3 and 49 degrees, this is 
due to the low rotation stiffness coefficient and the low 
deviation stiffness coefficient. Aerodynamic lift is positive at 
the beginning of the upstroke and the downstroke, and it is 
negative near the end of the upstroke and the downstroke. The 
wing trajectory in Case R2 is non-symmetrical, and the 
aerodynamic force is always in a non-effective direction, 
rather than vertically up. The stroke amplitude of case R3 is 
72.2 degrees and the rotation amplitude is 64.0 degrees. The 
maximum value of the deviation is 7.9 degrees. As the wing 
maintains an effective AoA, the aerodynamic lift is generated 
during both the upstroke and the downstroke, and the force 
peak appears near the end of each half stroke. The wing 
trajectory in Case R4 has a small rotation stiffness coefficient 
and a large deviation stiffness coefficient. The lift-to-weight 

ratio is only 0.59, as the wing couldn’t have an effective AoA 
during flapping. 

TABLE II. TABLE OF STIFFNESS COEFFICIENTS, LIFT-TO-WEIGHT RATIO AND 

MEAN POWER LOADING IN SELECTED CASES. 

Symbol R1 R2 R3 R4 

 ̂    21 21 21 21 

 ̂  33.92 33.92 33.92 33.92 

 ̂  2 14 8 4 

 ̂  70 210 1410 1800 

  ̅̅̅̅  (s/m) 0.1573 0.0658 0.3141 0.1350 

L 1.35 0.12 1.56 0.59 

 

IV. OPTIMIZATION OF FLAPPING WING OSCILLATION 

SYSTEM 

In this section, we seek to find optimal stiffness 
coefficients of each torsional spring for maximizing the 
power loading. The optimization was carried out for two 
different categories, with and without wing deviation In the 
Category A (without deviation), two parameters were 

allowed to change, stroke stiffness coefficient  ̂  and 

rotation stiffness coefficient  ̂   Deviation stiffness 

coefficient  ̂  is set to be high (50000) and therefore limits 
the wing deviation. Category B (with deviation) contains 

three optimized parameters  ̂ ,  ̂  and  ̂ . Note that, 

according to the dimensionless equation of motion (Equation 
35), the optimal wing trajectory may also depend on the input 

power coefficients  ̂   . Therefore, for each category, input 

torque coefficient  ̂    is varied from 17 to 27 with an 
increment of 2. The reason we choose this interval is that the 

lift-to-weight ratio is greater than 1 when  ̂     16.8 for 
category B. The ranges of optimization parameters and 
constraints of physical limitations are listed in Table III.  

         (a) 

 
 

       (b) 

 
 

       (c) 

 
 

Figure 5. Trajectories of stroke angle (a), rotation angle (b) and 

deviation angle (c) during 40th stroke cycle. The stroke cycle less than 

0.5, represents the downstroke, and that in the range of 0.5 to 1 

represents the upstroke. 
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A wide range of wing kinematic patterns is available to 
the insect under these constraints, and a selection of possible 
wing kinematics is shown in Figure 7. The optimization 
procedure is a hybrid of a genetic algorithm and a 
Nelder-Mead simplex algorithm, which use only objective 
function values and do not require derivatives. The genetic 
algorithm could reach the region near an optimum point 
quickly, but it would become very slowly convergent [25]. To 
resolve this problem, the genetic algorithm is run for a small 
number of generations until the solution gets near the 
optimum point. The solution from the genetic algorithm is 
then used as an initial point for the Nelder-Mead simplex 
algorithm that is faster and more efficient for the local search 
of the basin [27][28]. Let   denote the parameters to be 
optimized,      be the minimum value of  , and      be the 

maximum value of  , the objective function to be maximized 
is the average power loading, which is given by 

        ̅̅̅̅  

with the dual bound constraints             and the 

nonlinear inequality constraint    .  

Solutions of wing kinematics from optimization are fitted 
using Fourier series to analyze the frequencies, amplitudes 
and phase offsets of the responses. Fourier series of  ,   and 
  are given by 

      ∑      (    ̂     )
 
    

      ∑      (    ̂     )
 
    

      ∑      (    ̂     )
 
    

We define the phase offset between stroke and rotation 

  , as: 

            

and the phase offset between stroke and deviation    as 

            

Data from the optimization results are plotted in Figure 8. 

Primary parameters of the wing kinematic Fourier series are 
listed in Table IV. 

It can be easily seen that the input power coefficients have 
little effect on the optimal wing trajectory, as in both category 
A and category B, the optimal wing trajectories are almost 
identical. Wing tip trajectories of the optimized wing motions 
of case A3 and case B3 are shown in Figure 9. The optimal 
wing trajectory in category B is close to a figure-of-eight with 

(a)           (b)             (c)               (d) 

                 

                 

                 
Figure 6. Wing trajectories of four cases. Wing cross section snapshots are portrayed and spaced 0.025/1 apart over the 40th stroke cycle. The dots 

represent the leading edges, and the lines represent the wing chord. The blue lines indicate the downstroke, and the red ones indicate the upstroke. The first 

row is the wing trajectories, the second row is downstroke wing trajectories and the third row is upstroke wing trajectories. (a) shows case R1 . (b) shows 

case R2. (c) shows case R3. (d) shows case R4. 

 

Figure 7. A selection of possible wing kinematics. 

 

TABLE III. TABLE OF OPTIMIZED PARAMETERS AND THEIR RANGES. 

Symbol Description Min Max 

 ̂  stroke stiffness coefficient 20 200 

 ̂  rotation stiffness coefficient 2 50 

 ̂  deviation stiffness coefficient 30 7000 

| |    stroke amplitude 0   ⁄  

| |    rotation amplitude 0   ⁄  

| |    deviation amplitude 0   ⁄  
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a stroke deviation (~6 ). The results show that the inequality 
constraint     is satisfied at    , which is not surprising 
because additional lift production normally requires more 
power consumption, and therefore the optimal solution 
should correspond to the minimum lift possible. In addition, 
the average value of the power loading of the cases without 
the deviation is 0.3306 s/m, and the value from cases with the 
deviation is 0.3541 s/m. Therefore, the wing trajectories with 
nonzero deviation show 7% increase of mean power loading 
compared to those with zero deviation. The base frequency of 
the stroke and rotation responses equal to that of the driving 
frequency (      2 ) for both category A and B, 

and    4  in the cases for category B. Note that, there is no 
oval shape found in the results, which corresponds to 

   2 . The flapping motions are symmetric in all the cases, 
and the absolute values of   , and    are less than 0.03. The 
values of   , the amplitude of the first Fourier series, are 
about 55 degrees for category A and category B, which are 

       (a)                                                                                              (b) 

     
 

      (c)                                                                                               (d) 

      
 

Figure 8. Stroke stiffness coefficients (a), rotation stiffness coefficients (b), deviation stiffness coefficients (c) and mean power loading (d) versus input 

torque coefficient.  
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TABLE IV. SELECTED FOURIER COEFFICIENTS FOR OPTIMIZATION WING KINEMATICS RESULTS 

Symbol A1 A2 A3 A4 A5 A6 B1 B2 B3 B4 B5 B6 

  (deg) -0.0217 -0.0075 -0.0050 -0.0037 -0.0038 -0.0034 -0.0280 -0.0164 -0.0095 -0.0093 -0.0088 -0.0090 

  (deg) -0.0026 -0.0049 -0.0071 -0.0091 -0.0113 -0.0097 0.0003 0.0005 0.0019 0.0062 0.0107 0.0131 

  (deg)             2.8 2.7 2.4 2.3 2.3 2.3 

  (deg) 54.78 55.41 55.76 56.11 56.01 55.90 56.12 55.63 55.65 55.40 55.23 55.24 

  (deg) 52.72 53.58 53.68 54.40 53.54 53.81 55.13 54.82 55.23 54.91 54.77 54.91 

  (deg)             3.75 3.72 3.93 3.22 3.20 3.12 

   (deg) -163.53 -149.42 -144.90 -135.70 -132.02 -127.88 -157.62 -144.38 -136.74 -131.51 -127.38 -124.02 

  (deg) -102.25 -103.31 -103.29 -104.34 -103.05 -103.76 -110.33 -108.14 -107.06 -105.64 -104.75 -104.30 

  (deg)             -14.03 0.54 9.48 16.49 21.79 25.76 

 

 

 

       (a)                          (b) 

 
 
Figure 9. Wing trajectories of optimized wing motions. (a) shows case 

A3 ( ̂        ̂          ̂        ̂       ) , and (b) 

shows case B3 ( ̂        ̂          ̂        ̂        ). 
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within the observed range of stroke amplitudes in fruit flies.  

Interestingly, although the optimal wing trajectories show 
minimum dependence on the input power coefficient, the 
optimal stiffness and the phase lag between the input torque 
and the wing angles show significant variation. For example 
   , the phase lag between input torque and the stroke angle 

increases as the power coefficient increases. The relationship 
between input power coefficient and stroke stiffness 
coefficients is shown in Figure 8 (a), which shows that the 
optimal stroke stiffness coefficients increase linearly with the 
input torque coefficient. The optimal stroke stiffness 
coefficient with non-zero deviation is slightly greater than the 
one with zero deviation. It should be noted that although 
small changes exist between cases in each category, the 
optimal wing kinematics, forces, and powers do not show any 
significant difference.  

V. CONCLUSION 

This study worked towards an integrative understanding 
of the biological system of insect flight muscle, and tried to 
answer how these muscles drove a flapping wing achieving 
complex wing trajectories. We started from modeling the two 
distinct classes of insect flight muscles: power muscles and 
steering muscles, based on which a three DOFs oscillation 
system was developed. One actuator and one torsional spring 
act as the power muscles that drive the wing stroke. Two 
torsional springs that mimic the control muscles act upon 
wing deviation and rotation angles. Using dimensional 
analysis, we are able to identify the dynamic behavior of the 
system through four coefficients: stroke stiffness coefficient, 
rotation stiffness coefficient, deviation stiffness coefficient 
and input torque coefficient. The figure-of-eight trajectories 
generated by the oscillation system with proper coefficients 
produce high lift-to-weight ratios and high power loadings. 
An optimization was performed to find the optimal wing 
kinematics that minimized power consumption, the results of 
which showed that the flapping wing with deviation produced 
higher power loading. Future work will involve mechanical 
designs of this oscillation system with three torsional springs.  
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