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 
    Abstract: In this present work, free vibration analysis is carried 
out on the 2-dimensional bio-mimetic corrugated ‘Pantala 

flavescens’ dragonfly forewing. The numerical modeling based on 
Finite Element Method (FEM) is developed to predict structural 
limitation of the dragonfly wings Dragonfly wings bend and twist 
over the course of flight stroke, causing deformation by a 
combination of elastic and inertial forces. We found that the wing 
deformation is smaller during the downstroke and it is revealed 
that the structural maximum beat frequency of a corrugated 
dragonfly wing is 38.34 Hz during hovering flight. The modal and 
harmonic analysis is performed using ANSYS 15 Mechanical 
APDL to extract the wing’s natural frequency and mode shape of 

corrugated wing which is significant in design, analysis and 
manufacturing of analogous MAVs structure. 

   Keywords: Free Vibration, structural stability, FEM, corrugated 
wing, ANSYS 15, modal and harmonic analysis, natural 
frequencies 

I.      INTRODUCTION 

Bio-mimetic aerial vehicle (BMAVs) is a type of micro scaled 
aircraft that mimics the flapping wing or rigid flexible wing 
motion of insects. Because of their small size it is difficult to 
detect and can be deployed easily and relatively inexpensive 
to fabricate.‘Pantala flavescens’ forewing reveals a highly 

corrugated and complex vein structure that is difficult to 
mimic exactly as it is. Moreover, the artificial wings of 
BMAV must be strong enough to withstand the aerodynamic 
forces produced by flapping motion. In fact, during flight 
dragonfly wing experiences significant amount of bending 
and twisting during flight, this will change the aerodynamic as 
well as the structural response during loading conditions. 
Dragonfly is unique in nature due to its high maneuverability, 
low noise and gliding performance makes them most suitable 
for the BMAVs [1-5].Numerous studies assert that the kind of 
mechanism and exemplary smart structure of dragonfly wing 
can withstand array of loads and their combination due to high 
stability and very thin waxy layer covering consists of chitin 
and structural proteins [6-12].In this work we have performed 
the modal and harmonic analysis using ANSYS Classical and 
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determined the natural frequency and mode shape of ‘Pantala 

flavescens’ dragonfly forewing corrugation. A lot of studies 

show that the dragonfly being a natural flyer the wings and 
veins are flexible in nature has rigid flapping wing mechanism 
and the flapping frequency of dragonfly is nearly between 30 
Hz to 50 Hz [13]. Few researchers have calculated the natural 
frequency of dragonfly wing, but Zeng et. Al used non contact 
quadrant position of sensor to measure natural frequencies of 
dragonfly wings. Chin et. Al performed a base-excitation 
modal test and employed spectrum analyzer to calculate 
resonance frequency of dragonfly wing [14-16].  This work is 
inspired from the dragonfly wing corrugation located at the 
radius part of the wing nearly 40% of the total span of the 
wing from the root. During gliding flight dragonfly wings are 
considered as ultra-light aerofoil due to its well defined 
cross-sectional corrugation and most of the researchers 
[17-20] have investigated about the aerodynamic benefits but 
few have done investigation about the free vibration behavior 
of the dragonfly corrugated aerofoil and mode shape of the 
corrugated aerofoil. 

II. FREE VIBRATION ANALYSIS 

Static analysis does not take into account variation of load 
with respect to time. Output in the form of stress, 
displacement etc. with respect to time could be predicted by 
dynamic analysis. The determination of natural frequency is 
helpful for avoiding resonance, reducing noise and as an 
important meshing check. In free vibration we neglect the 
effect of damping [21]. 
                  

                            (1) 
The above Eq. (i) is ordinary homogeneous linear second 
order differential equation with constant coefficient. The 
general solution of the above equation is 
 
                                       (2) 
The above Eq. (ii) is the harmonic equation. 
We have done the modal and harmonic analysis using 
ANSYS 15 Mechanical APDL for 2D dimensional corrugated 
wing models considering as a beam element and assumed to 
be clamped at one end [22, 23]. 

III.  BOUNDARY CONDITION 

As shown in Fig.1, the deformed and un-deformed shape 
where the wing joint is assumed to be clamped and is 
constrained in all degrees of freedom (DoF). 
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Fig.1. Deformed + Un-deformed Shape 

IV.  MATERIAL PROPERTIES 

For the classical FEA analysis of the 2-D corrugated structure 
was considered as isotropic material with a Young’s modulus 

of elasticity as 6100 N/mm2
.The Poisson’s ratio is assumed to 

be 0.49.The material density of wing is taken as 1200 
kg/m3.The pressure applied on the beam is  x 10-6 
N/mm2 [23, 24]. 

V.   MODAL ANALYSIS RESULTS 

For modal analysis the 2-D corrugated wing is considered as 
beam of 110 mm and thickness is 4mm [22] .The beam is 
clamped at one of its end and the element is taken as 2 node 
188 or Beam 188.The ten mode shapes are plotted Using 
software ANSYS 15 Mechanical APDL and the natural 
frequency of the system is calculated. Before modal analysis 
the deformed and undeformed shape is plotted as shown in 
Fig.1 and have maximum nodal displacement of  0.198 x 10-3 
as shown in Fig.2. 

 
 

Fig.2. Z-component displacement 

 

Fig. 3(a). Mode shape 1 (f=1.8207 Hz) 

 

Fig.3 (b). Mode shape 2 (f=3.198 Hz) 

 
Fig.3 (c). Mode shape 3 (f=10.28Hz) 

 

Fig. 3(d). Mode shape 4 (f=10.94Hz) 
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Fig. 3(e).  Mode shape 5 (f=16.33Hz) 

 

 

Fig. 3(f). Mode shape 6 (f=23.08Hz) 

 

Fig. 3(g).  Mode shape 7 (f=25.697 Hz) 

 
Fig. 3(h). Mode shape 8 (f= 30.497 Hz) 

 
 

Fig. 3(i). Mode shape 9 (f= 35.786 Hz) 
 

 
Fig. 3(j). Mode shape 10 (f= 38.34 Hz) 

Once the deformed + undeformed shape is plotted the static 
structural analysis is changed to modal analysis of the 2-D 
corrugated aerofoil and 10 mode shapes of the wavy 
corrugated dragonfly pleated structure is plotted to find the 
natural frequency of the system. From the above modal plots 
we can observe that the mode shapes consists of bending and 
twisting deformation. It is observed that at first mode shape as 
shown in Fig. 3(a) the corrugated wing structure experiences 
more bending than twisting and the maximum nodal 
displacement is observed as 11.50 mm and the natural 
frequency of the system can be calculated as shown in  Eq. (3). 

                             =                                       (3)  

The ratio between the dynamic amplitude X and static Xs, is 
called as magnification factor 
 

                                             (4) 

where, ωn is the natural frequency of the system. 
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Table- I Deformation and Natural frequency of the corrugated wing structure  

Number of Mode 
Shape 

Frequency(Hz) 
(ω) 

Natural Frequency(rad/sec) 
(ωn) 

Kind of Deformation 

1 1.8207 11.44 Bending 
2 3.198 20.09 Bending+Twisting 
3 10.279 64.58 Twisting 
4 10.944 68.73 Bending+Twisting 
5 16.331 102.62 Twisting 
6 23.088 145.13 Twisting 
7 25.697 161.45 Bending 
8 30.497 191.62 Bending+Twisting 
9 35.786 224.85 Bending 

10 38.344 240.89 Bending+Twisting 
 

Since, By Putting the values of flapping frequency (ω) and 

natural frequency (ωn) in Eq. 4, we obtained the magnification 
factor value as 1.02.It demonstrates that the inertia force on 
the wing is very less in comparison to the elastic force during 
flapping motion .The graphical variation of displacement vs. 
natural frequency and frequency with respect to set of values 
is plotted below as shown in Fig.4 and Fig.5. 

 
 

Fig. 4. Displacement vs. natural frequency 

 

Fig. 5. Frequency vs. time step 

 

 
 

I. HARMONIC ANALYSIS 

As the 2-D corrugated system is under harmonic motion , it is 
always better to estimate the time history plot of the structure 

to understand its harmonic 
nature.Harmonic response analysis helps to determine the 
steady state response of a linear structure to loads that vary 
sinusoidally (harmonically) with time. The transient 
vibrations, which occur at the beginning of the excitation, are 
not accounted for in a harmonic response analysis 

 
Fig. 6. Amplitude vs. Frequency 

Since, from Fig. 6 we can interpret that the amplitude varies 
irregularly with respect to the frequency modulation of the 2-d 
corrugated system. By this we understood that the corrugated 
structure can withstand varying loads at regular interval of 
time. 

II. CONCLUSION 

The present work studied free vibration analysis which 
includes the modal and harmonic analysis of the 2-d 
corrugated aerofoil. The modal analysis shows that the wing 
can resist longitudinal bending as well as the twisting. The 
fundamental frequency of dragonfly 2-d corrugated structure 
is estimated about 1.821 Hz or 11.44 rad/s and the maximum 
frequency for the 10th mode shape is 38.34 Hz or 240.89 rad/s. 
Some mode shape consists of bending and some twisting and 
also the combination of bending and twisting. We also 
observed that the dynamic deformation amplitude is 1.02 
times of the static amplitude by using magnification factor. 
So, the corrugated wing structure can withstand both 
aerodynamic and elastic load. In contrast, the wing 
deformation and angle of attack of dragonfly like wings are 
under more control through high 
fidelity aero-elastic tailoring . 
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The natural frequency obtained from this study and 
determination of magnification factor helps in the 
bio-mimetic design of micro air vehicles.  
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