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Abstract. A numerical study was carried out to investigate the effects of fibre orientation angles 
in an adopted biomimetic flapping wing having two-layered Carbon/Epoxy Composite 
T300/5208. The purpose of this paper is to understand how different orientation angles with 
different combinations affect the stresses of a flapping-wing. One flapping cycle was divided 
into twelve segments and both maximum stress and deformation were calculated for all the 
segments. The results revealed that, the maximum stress was produced in [0/-45] combination, 
where the least was found for [45/0]. For all the simulated wings, deformation was found less 
than 1.8 mm. ANSYS DesignModeler and Static Structural was used to design and perform 
structural analysis. The findings are helpful in answering why insect wings are so impeccable, 
thus providing a possibility of improving the design of flapping-wing aerial vehicles. 

1 Introduction 
Significant amount of researches in the design of micro-sized air vehicles (MAVs) have been carried 

out over the past 15 years [1–6]. Alternatively, tremendous progress was done in the field of 
aerodynamics and Kinematics [7-16]. Vincent [17] found that the material of insect wing was similar to 

composite materials, many other researchers also believed that the wing of natural insects are composite 

structures [18-20]. Composite materials are currently used for UAVs [21,22]. 

   Unfortunately, most of the works mentioned above have been generally limited to CFD and CSD. 

Still research in deformation and stress analysis continues to lag, especially for composite models. In 

this paper, total sixteen different orientations and layer combinations were analysed for maximum 

aerodynamics force and inertial force. Because the structure of insect wings is very complex and their 

elastic Module and thickness in irregular, at present we can only simulate it to manufacture 
flapping-wing aerial vehicle. 

2 Analytical Model 

2.1 Aerodynamics Force and Inertial Force 

Three-dimension unsteady vortex lattice method (UVLM) [23] is used to calculate the aerodynamics.  
The aerodynamics of flapping-wing aerial vehicle  
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where �  is pressure of element & S�  is area of element. 
The flapping motion of the present model wing is simplified to a cosine rotation around a fixed axis 

located at the root.  
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The periodic inertia force generated from the acceleration and deceleration of flapping wing, is the 
main acting load on it during every cycle. Its specific load distribution can be predicted as 
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where )(tF
i

 is the inertial force of element �,
i

m  is the mass of element �, �� is rotational radius 
of element �, � is angle velocity, t is time, 	��  is amplitude of flapping angle.  

Because the units of aerodynamic force is �/��, the calculation formula of inertial force can 
express as
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where A# is area of element i, ρ is material density.

2.2 Composite Material Model 

The carbon/epoxy composite T300/5208 is used for the membrane of the flapping wing; its material 
properties are shown in Table 1. For this analysis, it exhibits viscoelastic behavior, and all the insect 
wings have the viscoelastic behavior. 

Table 1. T300/5208 material characteristics 

E11(GPa) E22(GPa E33(GPa) 12Ʋ 23Ʋ 31Ʋ G12(GPa) G23(GPa) G13(GPa)

181 10.3 10.3 0.28 0.3 0.28 7.17 3.78 7.17

3 Results analysis 

We designed a membrane flapping-wing model, which is shown in Figure 1. A mesh convergence 
study was performed to obtain the accurate results, which is shown in Figure 2. The parameters used 
in this model are shown in Table 2.  

Table 2. Parameters used in the flapping-wing aerial vehicle model 

Semi-span length (mm) 320
Maximum chord length (m) 100

Flapping frequency (Hz) 8
Flapping angle 45˚

Flight velocity (m/s) 11
Angle of attack 5˚

Outer radius of beam (mm) 3
Inner radius of beam (m) 2

Elastic module of beam (GPa) 40
Poisson’s ratio of beam 0.3
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Thickness of membrane (mm) 1
 
The boundary condition of the fixed support in the body-fixed coordinate system is adopted. During 
the flapping flight, the flapping-wing must withstand not only aerodynamic force but also inertial 
force. Aerodynamic force of every shell element is calculated from Equation (1), and the inertial force 
of every element is calculated from Equation (5).

 
 
 
 
 
 

 
 

 
 

 

 

 

      Figure 1. Flapping wing model                   Figure 2. Meshed Body (Element Size=1,5) 

For the simulation part, all sixteen possible combinations were calculated for the twelve flapping 
periods, totaling 192 simulations to find the impact of fiber orientations. The curves of Von-Mises 
Stress in one flapping cycle are shown in Figure 3. And the curves of maximum deformation are 
shown in Figure 4. From the figures [3,4] it is clearly understood that [0/-45] will occur maximum 
stress during a flap, on the other hand, [45/0] will produce the least while deformations are very small, 
less than 1.8 mm, for all the variants we simulated. 

  

  

  

Figure 3. Maximum Stress Curves in one Flapping Cycle 
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Figure 4. Maximum Deformation Curves in One Flapping Cycle 

Figure 5 illustrates the maximum stress zone [45/0], at the root of the flapping wing, on the beam,
which is produced during the third segment of the down stroke of a flapping cycle. Figure 6 illustrates 
the deformation contour [45/45] which is maximum at the tip of the wing. 

Figure 5. Maximum Stress Zone [45/0] 

 

 

 
 

 

 

 
 

 

 

Figure 6. Maximum Deformation Profile [45/45] 
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Conclusion

Finite element analysis is performed to investigate the membrane stresses of a flapping wing made of Composite 
[T300/5208]. Our carried out research revealed the structural benefits of two layered flapping wing which 
experiences both least deformation and stress. In addition to that, we found the best combination of layers and 
fiber directions [45/0] which produces almost 41% less stress than [0/-45]. This work can contribute in 
progression of designing two layered flapping wings. In future, we will carry out a research on optimization to 
find the best performed flapping wing both structurally and aerodynamically. 

References 
1. P.G. Ifju, S. Ettinger, D.A. Jenkins. Lian, W. Shyy and M.R. Waszak, Flexible-wing-based micro 

air vehicles, Proc. 40th AIAA Aero Sci. Meeting, Reno, NV, AIAA–0705 (2002) 
2. J. P. Whitney and R J. Wood, Conceptual design of flapping-wing micro air vehicles, Bio 

inspiration & Biomimetic, Vol.7, No.3 (2012) 
3. P. Zdunich, D. Bilyk, M. MacMaster , D. Loewen, J. DeLaurier, R. Kornbluh , T. Low , S. Stanford  

and D. Holeman , Development and testing of the mentor flapping-wing micro air vehicle, Aircraft 
44, 1701–1710 (2007) 

4. K. Isogai and Y. Harino, Optimum aero-elastic design of a mapping wing, J. Aircraft 44,
2040–2048 (2007) 

5. A.L. Douglas, R. Dudley and C.P. Ellington, Aerodynamic forces of revolving hummingbird wings 

and wing models, J. Zool. Lond. 264, 327–332 (2004) 
6. S.J Furst, G. Bunget, and S. Seelecke, Design and fabrication of a bat-inspired flapping-flight 

platform using shape memory alloy muscles and joints, Bioinspiration & Biomimetics, Vol. 22,
No.1 (2013) 

7. H. Cho, J. Kwak and S. Shin, Computational Analysis for Flapping Wing by Coupling the 

Geometrically Exact Beam and Preconditioned Navier-Stokes Solution, The 55th 
AIAA/ASME/ASCE/AHS/SC Structures, Structural Dynamics, and Materials Conference, 
National Harbor (2014) 

8. J. Guerrero, Numerical simulation of the unsteady aerodynamics of flapping flight, PhD. 
Dissertation, Department of Civil, Environmental and Architectural Engineering, University of 
Genoa, Genova, Italy, (2009) 

9. C. Yu, H. Ang, Q. Chen, Three-Dimension Unsteady Vortex Lattice Method for Flexible Structure 

Flapping-Wing Aerial Vehicle, Journal of Nanjing University of Aeronautics and Astronautics, 40,
451-455 (2008) 

10. C. Yu, H. Ang, K. Ai, The Study of Deformation for Membrane Flapping-Wing Aerial Vehicles, 
Chinese Journal of Computational Mechanics, 26, 935-941 (2009) 

11. D. Silin, Aerodynamics and flight performance of flapping wing micro air vehicles, PhD. 
Dissertation, Aerospace Engineering Dept., University of Arizona, Tucson, Arizona (2010)

12. K. Mazaheri, and A. Ebrahimi, Experimental investigation of the effect of chordwise flexibility on 

the aerodynamics of flapping wings in hovering flight, Journal of Fluids and Structures, Vol. 26, pp. 
544–558 (2010) 

13. Y. Lian, W. Shyy, P. Ifju and E. Verron, A Computational Model for Coupled Membrane-Fluid 

Dynamics, AIAA Paper 2002-2972, also AIAA J.,41, pp. 2492–2494(2004) 
14. Y. Zhang, J. Wu and M. Sun, Lateral dynamic flight stability of hovering insects: theory vs 

numerical simulation, Acta Mech;28(1):221–31(2012) 
15. JA Grauer Jr, JE. Hubbard, Inertial measurements from flight data of a flapping-wing ornithopter. J 

Guide, Control, Dynamics;32 (1):326–31 (2009) 
16. H. Djojodihardjo, A, Ramli, S. Wiriadidjaja, Kinematic and aerodynamic modelling of flapping 

wing ornithopter, Processing Engineering.;50(1):848–63(2012) 

 
 

    
 

DOI: 10.1051/, 03005 (2017) 71140300114MATEC Web of Conferences matecconf/201
2MAE 2017

5

5



17. J.F. Vincent, V. Insect cuticle: A paradigm for natural composites. Symposia of the Society for 
Experimental Biology,183-210(1980) 

18. F. Song, K.W. Xiao, K. Bai, Y.L Bai, Microstructure and nanomechanical properties of the wing 

membrane of dragonfly, Materials Science and Engineering: A, 457, 254–260 (2007) 
19. X.S. Wang, Y.  Li, Y.F. Shi, Effects of sandwich microstructures on the mechanical behaviors of 

dragonfly wing vein. Composites Science and Technology, 68, 186–192 (2008) 
20. Y. Chen, X. Wang, H. Ren, H. Yin, S. Jia, Hierarchical dragonfly wing: 

Microstructure-biomechanical behavior relations, Journal of Bionic Engineering, 9,
185–191(2012) 

21. J. Callicoat, R. Gaeta, J. Jacob, Composite Materials Providing Improved Acoustic Transmission 

Loss for UAVs. AIAA (2014) 
22. C. Yu., D. Kim, Y. Zhao, Stress Analysis of Membrane Flapping-Wing Aerial Vehicle Based on 

Different Material Models, Journal of Applied Mathematics and Physics2, 1023-1030 (2014) 
23. J. Katz and A. Plotkin, Low-Speed Aerodynamics. 2nd Edition, Cambridge University Press, New 

York, NY, (2001) 

 
 

    
 

DOI: 10.1051/, 03005 (2017) 71140300114MATEC Web of Conferences matecconf/201
2MAE 2017

5

6


