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Abstract  

Through observation and analysis of flight 
test of DOVE flapping MAV[1], long periodical 
plunging movement has been observed during 
flight, accompanied with which is short 
periodical plunging movement that caused by 
flapping movements. Since of constant driving 
input, this special phenomenon could be 
aroused by the intrinsic characters of structure, 
such as natural frequency. This special feature 
can obviously influence the flight quality and 
increase the difficulties of control. Hence, it is 
necessary to investigate this phenomenon, 
which has been studied through computational 
method in this paper. In order to obtain 
accurate Finite Element model, many properties 
of flapping wing including elastic modulus and 
natural frequencies have been tested and 
measured.   The correlation between flapping 
frequency and deformation history of flapping 
wing has been concluded that specific flapping 
frequency would exacerbate long periodical 
effect, such as frequency is 6 Hz. The reason 
behind this phenomenon is proposed and proved.  

1 Introduction  
At low Reynolds numbers, the 

aerodynamic efficiency (lift-to-drag ratio) of 
conventional fixed airfoils deteriorates rapidly 
[1], whereas birds and insects whose flight 
regime coincides with that of MAVs using 
flapping flexible wings to overcome the 
disadvantages of steady aerodynamics. And 
flapping flight is highly suitable for 
requirements of micro air vehicles (MAVs) that 

are compact with dimensions of less than 500 
mm, flight speeds of around 10–15 m/s and 
gross takeoff weights of 200 g or less, and can 
be operated in the low-Reynolds-number (103–
105) regime. Many researchers have 
investigated the aerodynamics of flapping wing 
and designed many flapping mechanisms to 
simulate the flight of insects and birds. A 
number of unsteady aerodynamic mechanisms 
such as clap and fling [2], delayed stall [3,4], 
wake capturing [5], and rotational circulation [5] 
have been proposed to explain the generation of 
lift in birds and insects. Among these, the 
delayed stall mechanism, which involves the 
formation of a stable leading-edge vortex (LEV), 
is the primary mechanism used by most birds 
and insects for production of lift during wing 
translation. 

Other researchers have also shown great 
interest in flapping mechanism designs. 
Valentine [6] proposed various design schemes 
for building flapping mechanisms that have 
variable amplitudes so as to induce kinematic 
asymmetry for ornithopter control. Khan [7] 
paid attention to the transverse bending of insect 
wings and designs such mechanism. Singh et al. 
[8] performed systematic experimental studies 
on insect hover kinematic flapping wings and 
Singh analyzed the dynamics and aero elasticity 
in his dissertation [9]. Beyond mechanisms 
design, Deng et al. [10] took another approach 
that models the system as a whole. Unlike such 
“overall” perspective, detail studies on new 
materials, actuators and fabrication techniques 
are to be applied to the design problem. For 
example, Cox et al. [11] used piezoelectric 
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actuators and carefully examine the feasibility 
for FWMAV applications. 

Our work team has investigated many 
fields of flapping MAV and some specific flight 
features have been observed in flight. In view of 
the observation about flight test of DOVE 
flapping MAV[1], long periodical plunging 
movement has been observed during flight, 
accompanied with which is short periodical 
plunging movement that caused by flapping 
movements. Since of constant driving input, this 
special phenomenon could be aroused by the 
intrinsic characters of structure, such as natural 
frequency. This special feature can obviously 
influence the flight quality and increase the 
difficulties of control. Hence, it is necessary to 
investigate this phenomenon. This paper focuses 
on the structural characters and managed to 
demonstrate the cause of this special 
phenomenon is that the superposition of the 
natural frequency of structure and flapping 
frequency. And the specific flapping frequency 
may lead to the long periodical structural 
deformation of flexible flapping wing, which 
causes the long periodical variation of 
aerodynamic force. Consequently, the flapping 
MAV has long periodical plunging movement 
during flight. 

This paper is organized as follows: Tested 
wing and its elastic and mode properties are 
introduced, tested and simulated in the section 2. 
Then computational and Finite Element Model 
is described and results are also presented in the 
section 3. Finally, results are given to reveal the 
intrinsic relationship between natural frequency 
and flapping frequency, wing deformation 
history and aerodynamic performance. 

2 Materials and Methods  

2.1 Tested wing  
The wing tested is a half-elliptic platform, as 
shown in the Fig.1. For this work, the wing 
design is flat: no camber or airfoil profile is 
applied. Wings are constructed with 
unidirectional carbon fiber forming the skeleton 
and polyester film used as skin. However, it is 
known to us that the membrane only transmits 

aerodynamic loads rather than undertaking the 
bending loads, which means that it is feasible to 
neglect the membrane to verify the effects of 
inertial loads and elasticity. The geometric 
parameters of wing are shown in the table1. 

 
Fig. 1. Tested Wing 

2.2 Static Elastic Characterization 
The purpose of this step is to test and recognize 
the static elastic properties of materials and 
structure. Fig. 2 plots the experimental device 
for tensile strength and partial result. 

 
Fig. 2. Experimental Device for Tensile Strength and 
Result of 1.5mm Carbon Fiber 

Table 1 demonstrates the detailed 
properties of tested wing skeleton. 
Tab. 1. Wing Properties 

Part Fore-beam Rear-beam Rib 

Material Carbon rod Carbon rod Carbon 
rod 

Length/mm 277 259 100/97/
72.5 

Diameter 
/mm 1.98 1.46 1.12 

Elastic 
modulus 

/GPa 
120.8±19.4 119.4±5.1 123.3±

3.4 

Shear 
modulus 

/GPa 
4.8±0.1 4.4±0.7 4.0±0.5 

Poisson’s 
ratio 0.3 0.3 0.3 

Density 
g/cm3 1.55 1.51 1.51 
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However, since the goal is not to examine 
the flexural stiffness but to obtain the variation 
trend of flapping wings, the metric selected for 
comparison is the compliance coefficient: mm/g. 
This is a simplified model treating the whole 
wing as a spring system: given force input to 
measure displacement output. It is necessary 
that the method of mounting the wings should 
mimic the way in which they are attached to 
flapper in order to keep the same boundary 
condition. Weights are loaded at specific nodes 
subsequently while DIC (digital image 
correlation) system measures the displacement.  

For the deformation of outside of wing 
play a more important role for it bears more 
inertial loads and aerodynamics loads. So the 
outside nine nodes are loaded and displacements 
of seventeen nodes are measured in total. The 
allocation of node number is shown in the Fig.3. 
Therefore by observing the change of the spring 
constant at different locations along the wing, 
the static stiffness of the wings can be 
quantified and compared. It is noteworthy that 
since the force prescribed by loading weights is 
always vertical and the point contact cannot 
move during each measurement, the assumption 
that this spring system is linear is only valid for 
very small displacements at the wing base. 
Through such method the static properties of 
wing can be calculated based on the correlation 
between force and deformation. Accordingly, 
the variation trend of wing deformation can also 
be obtained. Fig.4 presents the relative error 
distribution when loaded at node 14, which 
shows a good coincidence between 
experimental results and simulation results. 

 
Fig. 3. Node Allocation of Wing Skeleton 

 
Fig. 4. Relative Error Distribution(loaded at node 14) 

Fig.5 illustrates the flow chart of 
recognition process. In this process, the accurate 
measurement is a prerequisite for Finite 
Element modeling. However, since of the 
limited process of carbon fiber rods, 90% 
confidence interval of its material properties are 
longer than expected, such as the 90% 
confidence interval of elastic modulus of carbon 
fiber rod with 2mm in diameter is [119895Mpa, 
126673Mpa]. So an iterative process is needed 
to be constructed to find the truth-value of 
material properties. Just like the accurate 
material properties is the basic precondition of 
static test, accurate of static test results are also 
a prerequisite of modal analysis, which is 
necessary condition of the dynamic simulation. 

 
Fig. 5. Flow Chart of Recognition Process 

2.3 Testing and validation of low order 
natural frequencies 
Laser Doppler vibrometry (LDV) is applied to 
perform an eigenvalue /eigenvector analysis on 
the fore-beam and wing skeleton, shown in 
Fig.6. The LDV scanning head emits a laser 
bean onto the structure and measures the light 
reflected back, of which the phase shift (the 
Doppler Effect) is proportional to the change of 
the structure's velocity and the beam wavelength. 
Therefore LDV can be used to calculate the 
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frequency response function (FRF) of the 
structure, which is done with the Polytec system 
by comparing the input signal sent to the shaker 
and the output of the structure. Polytec software 
is used to conduct the experiments and post 
process the data. 

The beam of the wing was clamped in 
between two plexiglass plates and hit by an 
impact hammer. The impact hammer provides 
the input, while laser was used in this 
experimental setup to measure the input/output 
relationship. LDV results are output as FRFs 
and the mode shapes of the wings at specified 
resonant frequencies, such as Figure 7, an 
example of the FRF output from wing skeleton 
is shown. The results are obtained from the 
average response of the structure at each point 
during shaker excitations sweeping from 0 to 
512 Hz over 0.5 second for the sampling 
frequency is 1024 Hz. Only 0 to 250 Hz is 
shown here, as these are expected to play the 
greatest role during the flapping stroke. Vertical 
lines are provided over the FRFs in order to 
indicate the high-energy-peaks of particular 
interests. 

 
Fig. 6. Experimental Setup of LDV Device 

 
Fig. 7. LDV Measurement Results of Wing Skeleton 

Making use of the finite elements analysis 
software-ABAQUS, the low-order natural 
frequencies could be recognized. In order to 
acquire accurate results, some aspects need to be 
taken into consideration including geometric 
dimensioning, section properties, material 
parameters, structural weight and position of 
center of gravity. 

The FE model was validated by comparing 
the first three modes to the modes measured in 
the laboratory. The first three modes are 
presented in the table2, compared with the test 
results. We can see from Table 1 that the 
maximum relative error is 3.7%, which can 
ensure dynamic simulation have a higher 
reliability. 
Tab. 2. First Three Modes of Wing Skeleton Compared 
with Simulation Results 

Order of natural 
frequency 

Test 
results 

Simulation 
results 

Relative 
Error 

1 26.25 26.5 0.9% 
2 73.5 73.4 0.1% 
3 141.75 147.3 3.7% 

3 Structural dynamics modeling and 
simulation  
As aforementioned, the membrane does not play 
an indispensable role during bearing the 
bending loads, so it is feasible to study the wing 
skeleton and focus on the effect of inertial loads 
and elasticity on the deformation. 
If the structural damping effect is ignored, the 
transverse displacement y(x,t) of an elastic 
cantilever beam, with Young modulus E, 
moment of inertia I density ρ, cross-section A 
and external applied loads q(x,t) ,satisfies the 
equation of bending waves[13][14]: 

𝜕𝜕
𝜕𝜕𝑥𝑥2 �𝐸𝐸𝐸𝐸

𝜕𝜕2𝑦𝑦
𝜕𝜕𝑥𝑥 2�+ 𝜌𝜌𝐴𝐴 𝜕𝜕2𝑦𝑦

𝜕𝜕𝜕𝜕 2 = 𝑞𝑞(𝑥𝑥, 𝜕𝜕)         (1) 
When the beam root is prescribed a 

sinusoidal angular velocity, like flapping wing, 
the inertial loads can be expressed as: 

𝑞𝑞(𝑥𝑥, 𝜕𝜕) = 𝑘𝑘𝑥𝑥𝑘𝑘𝑘𝑘𝑘𝑘(𝜔𝜔𝑒𝑒𝑥𝑥𝑘𝑘𝑒𝑒𝜕𝜕𝑒𝑒𝑒𝑒 𝜕𝜕),          (2) 
Assuming transverse vibration with 

uniform cross-section is the linear combination 
of all natural modes:  

𝑦𝑦(𝑥𝑥, 𝜕𝜕) = ∑ 𝑌𝑌𝑗𝑗 (𝑥𝑥)∞
𝑗𝑗 𝜂𝜂𝑗𝑗 (𝜕𝜕),             (3) 

where ηj(t)is normal coordinates，substituting 
(3) in (1) leads to:  
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∑ �𝐸𝐸𝐸𝐸𝑌𝑌𝑗𝑗 ′′�
′′∞

𝑗𝑗=1 𝜂𝜂𝑗𝑗 + 𝜌𝜌𝐴𝐴∑ 𝑌𝑌𝑗𝑗∞
𝑗𝑗=1 𝜂𝜂�̈�𝑗 = 𝑞𝑞(𝑥𝑥, 𝜕𝜕)，  (4) 

Multiply both sides of equation byYi , and 
integral x in [0,ℓ], function can be transformed 
to   

𝜂𝜂�̈�𝑗 + 𝜔𝜔𝑗𝑗 2𝜂𝜂𝑗𝑗 = 𝑞𝑞𝑒𝑒(𝜕𝜕)，             (5) 
Where 
𝑞𝑞𝑒𝑒(𝜕𝜕) = ∫ 𝑞𝑞(𝑥𝑥, 𝜕𝜕)𝑌𝑌𝑒𝑒(𝑋𝑋)𝑒𝑒𝑥𝑥ℓ

0 = ℎ𝑘𝑘𝑘𝑘𝑘𝑘(𝜔𝜔𝑒𝑒𝑥𝑥 𝜕𝜕)    (6) 

In the case of y(x,0)=0，∂y
∂t

(x, 0) = 0，
ηj =0 ， ηj̇ = 0 .When ωj ≠ ωexcited ， The 
specific solution of the differential equation can 
be obtained: 

 𝜂𝜂𝑗𝑗 =
ℎ

𝜔𝜔𝑗𝑗 2 − 𝜔𝜔𝑒𝑒𝑥𝑥𝑘𝑘𝑒𝑒𝜕𝜕𝑒𝑒𝑒𝑒
2 (𝑘𝑘𝑘𝑘𝑘𝑘(𝜔𝜔𝑒𝑒𝑥𝑥𝑘𝑘𝑒𝑒𝜕𝜕𝑒𝑒𝑒𝑒 𝜕𝜕)𝑘𝑘𝑘𝑘𝑘𝑘(𝜔𝜔𝑗𝑗 𝜕𝜕) 

            (7)             
The transverse vibration can be expressed 

as: 
                            𝑦𝑦(𝑥𝑥, 𝜕𝜕) = ∑ 𝑌𝑌𝑗𝑗 (𝑥𝑥)∞

𝑗𝑗 𝜂𝜂𝑗𝑗 (𝜕𝜕)                   (8) 

3.1 Finite element model  
Table 3 presents the parameters of Finite 
element model. 
Tab. 3. Parameters of Finite Element Model 

FEA model  
Mass 3.42 g(actual mass 3.3 g) 

Center of mass (136.5,-28.68,0)(actual  (136.2,-
27.6,0)) 

Element type B32(a spatial beam that uses 
quadratic interpolation) 

Element number 130 
Node member 256 
Cross -section circular 

Boundary 
condition 

Fixed at UX,UY,UZ( at two root 
points) 

Prescribed angular 
velocity ω=2πfA·SIN(2πft) 

 

 
Fig. 8. Finite Element Model 

In order to analyze the response of the 
natural frequency to the dynamic input, a non-
linear implicit procedure is used based on the 
accurate natural frequency. Abaqus/Standard 
uses the Hilber-Hughes-Taylor time integration 
by default unless you specify that the 
application type is quasi-static[15]. The Hilber-
Hughes-Taylor operator is an extension of the 
Newmark β-method. Numerical parameters 
associated with the Hilber-Hughes-Taylor 
operator are tuned differently for moderate 
dissipation and transient fidelity applications (as 
discussed later in this section). The backward 
Euler operator is used by default if the 
application classification is quasi-static. These 
time integration operators are implicit, which 
means that the operator matrix must be inverted 
and a set of simultaneous nonlinear dynamic 
equilibrium equations must be solved at each 
time increment. This solution is done iteratively 
using Newton’s method. The principal 
advantage of these operators is that they are 
unconditionally stable for linear systems; there 
is no mathematical limit on the size of the time 
increment that can be used to integrate a linear 
system. An unconditionally stable integration 
operator is of great value when studying 
structural systems because a conditionally stable 
integration operator (such as that used in the 
explicit method) can lead to impractically small 
time steps and, therefore, a computationally 
expensive analysis. 

3.2 computational results  
Figure 10~12 presents the displacement history 
of outmost node of wing at frequency =5, 6 and 
7. Obviously, the displacement presents long 
periodical phenomenon. However, the trends 
within time varied from each other due to 
different input frequencies. It is noteworthy that 
when the prescribed frequency is 6, the long 
periodical phenomenon is most obvious.  
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Fig. 9. Time History of Displacement of the Outmost 
Node of Wing Skeleton without Inertial Loads 

 
Fig. 10. Displacement Evolution of the Outmost Node of 
Wing Skeleton at Frequency =5 

 
Fig. 11. Displacement Evolution of the Outmost Node of 
Wing Skeleton at Frequency =6 

 
Fig. 12. Displacement Evolution of the Outmost Node of 
Wing Skeleton at Frequency =7 

3.3 spectral analysis 
In order to analysis the specific reason for long 
periodical phenomenon, SPTool (signal 
processing tool) of MATLAB is exploited to 
analysis the spectrum. The result at 6 Hz is 
shown in the Fig.13.  
The result of spectral analysis proves that the 
mainly consists of flapping frequency (f=6 Hz) 
and low-order natural frequency (f=26 Hz) 
[16].The composition of spectrum of  5 and 7 
Hz are same as 6Hz, that consists of flapping 
frequency and low-order natural frequency. 
 

 
Fig. 13. Spectral Analysis Result 

4 Conclusions  
Evidently, specific frequency f=6 Hz) leads to 
obvious long periodical structural deformation 
of wing skeleton by comparing the results of 
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different frequencies. And after undertaking 
spectral analysis, spectrum of displacement 
history mainly consists of flapping frequency 
and low-order natural frequency. Because the 
low order natural frequency plays a dominant 
role during deformation, it will further influence 
the lift and trust generating correspondently.  
In the future work, structural and aerodynamic 
damping effect will be considered in the 
computational model. So the effect of natural 
frequency of structure can be studied 
comprehensively and scientifically. 
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