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Study on the Vibration Reduction Characteristics of FWMAV 
Flexible Bionic Wings Mimicking the Hindwings of Trypoxylus 
dichotomus 

Yongwei Yan1 · Fa Song1 · Nuo Xu1 · Haochen Zhu1 · Hongxu Xing1 · Shujun Zhang1,2 · Jiyu Sun1 

Abstract 
Using the method of structural finite element topology optimization and analysis of the hindwings of 
Trypoxylus dichotomus, this work identified the main loading force transmission path and designed 
the initial structure of a bionic flexible wing. A structural design scheme of the vibration damping 
unit was proposed, and the structural mechanics and modal vibration characteristics were simulated 
and analyzed. 3D printing technology was used to manufacture the designed bionic wing skeleton, 
which was combined with two kinds of wing membrane materials. The Flapping Wing Micro-aerial 
Vehicle (FWMAV) transmission mechanism vibration characteristics were observed and analyzed by a 
high-speed digital camera. A triaxial force transducer was used to record the force vibration of the 
flexible bionic wing flapping in a wind tunnel. A wavelet processing method was used to process and 
analyze the force signal. The results showed that the force amplitude was more stable, the waveform 
roughness was the lowest, and the peak shaving phenomenon at the z-axis was the least obvious for 
the bionic flexible wing model that combined the topology-optimized bionic wing skeleton with a 
polyamide elastic membrane. This was determined to be the most suitable design scheme for the 
wings of FWMAVs. 
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1 Introduction 
Micro-aerial vehicles (MAVs) were first proposed in 1992; these vehicles can be divided into fixed 
wing, rotor wing, and Flapping Wing MAVs (FWMAVs), have broad application prospects in military 
and civilian fields and are an active development and high intersection field of research [1, 2]. With 
the development of advanced manufacturing technology, aerodynamics, and insect flight mechanics, 
size miniaturization, high power efficiency, lightweight structure, and intelligent control are the main 
directions of the future development [3, 4]. 

Compared with traditional fixed wing and rotor wing MAVs, the flight mode of FWMAVs has the best 
aerodynamic efficiency at low Reynolds numbers, and the anti-interference ability is the strongest, 
which is an ideal model to adapt to the future development of MAVs [5]. However, the complex 
periodic harmonic aerodynamic loads generated by FWMAV wings can cause wing flutter and even 
body chatter, resulting in structural damage and aerodynamic reduction of the wing surface [6]. 
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Thus, these factors seriously affect the flight stability and maneuverability and the performance and 
service life of FWMAV components [7]. The vibration problem severely restricts the development of 
FWMAVs and is an urgent problem to be solved at present. 
Researchers have studied many of the flapping wing mechanisms of flying animals in nature and 
proposed a series of unsteady flapping flight theories, such as “clapfling” [8], “delayed stall [9]”, 
“wake capture [10]”, “rotational circulation [11]”, and “rapid pitch rotation [12]”, among others [13, 
14]. However, for flapping wing flight, there is a lack of consensus on how to reduce complex 
periodic harmonic aerodynamic loads and maintain dynamic stability. 

Some researchers have proposed that the elastic deformation of flexible wings can effectively resist 
the vibration impact of aerodynamic loads on flying animals themselves [15–17]. The flight of an 
insect is mainly realized by the high-frequency flapping of its wings [18]. The interaction between the 
aerodynamic force generated by the flapping of the wings and the elastic force easily causes body 
flutter [19, 20]. The flexible deformation of the wings can prevent vibration over the natural 
frequency range to avoid wing damage caused by flight interference and resonance of the wings [21]. 
The natural frequency and stiffness of insect wings also change with torsional deformation during 
flight, thereby adapting to the force change during flight and reducing the impact of fluctuating loads 
[22]. The closer the flapping frequency is to the natural frequency, the larger the potential wing 
variation, which promotes adaptation to flow field changes by flexible deformation and reduces 
energy consumption [23]. This means that the flexible wing can be flexibly deformed compared with 
the rigid wing, which helps reduce wing flutter and body chattering while obtaining high lift [22, 24]. 
Therefore, the flexible vibration characteristics of wings must be considered in the design of 
FWMAVs. 

The active flexible control of wing deformation can be realized by using piezoelectric materials, 
including wing flutter suppression, gust load mitigation, and chattering suppression [25–27]. The 
bionic flexible wing skeleton designed according to the beetle hindwing creases has an excellent 
vibration reduction function. When it collides with an object, it folds along the creases and springs 
back in the flapping wing cycle. This can effectively reduce the impact of wing collisions in flight and 
help the aircraft quickly return to normal flight [28]. Using a bionic discrete wing structure designed 
from bird feathers, under the control of the deformed skeleton structure, the wing skeleton can 
actively deform and effectively reduce the strength of the wing tip vortex, realize the active drag 
reduction of aircraft, and improve flight stability [5]. The bionic design of dragonfly wing vein 
structures based on the topology optimization analysis method can effectively reduce the mass of 
the bionic wing and enhance its flexible deformation ability [29]. For a bionic wing made by the 
additive manufacturing method, compared to the hindwing, the first two natural frequencies differ 
by 7% and 16%, respectively, and the vibration patterns are similar [30]. The first-order natural 
frequency of the bionic wing is significantly changed when the wing mass is changed [31]. Chen Long 
et al. used UV-curable resin as the base material for 3D printing, proposed a topology optimization 
modeling method considering nonlinear factors such as contact, friction and collision, and verified 
the optimization results through dynamic simulation and experiments, which has certain guiding 
significance for the lightweight design of flexible MAVs [32]. 

With the development trend of size miniaturization and lightweight structures, beetles provide a 
new bionic inspiration for the development of flexible wings [33]. According to the mass and stiffness 
distribution of the beetle’s hindwing and considering the anisotropy of the hindwing structure, a 
bionic wing model consisting of wing membranes and conical veins was established. After modal 
analysis, it was found that the hindwing deformation was conducive to the downward flow of air and 
generated a higher lift force [34]. Taking the hindwing of the Asian ladybird as the bionic prototype, 
three hind wing models with different structures were established, and finite element simulation 
analysis was carried out. Research shows that different vein structures have a great influence on the 



  
 

 
    

    
      

  
     

   
    

    
 

  
 

   
   

   
    

    
   

 

 
 

 

  
   

  
   

   
        

   
 

dynamic stability characteristics [35]. The bionic folding wing, inspired by the hindwing, reduced the 
risk of wing damage while gaining sufficient lift [36]. 

The mechanical characteristics of FWMAV wings directly determine the flight stability of FWMAVs. At 
present, the design and manufacturing method of FWMAV wings is still not perfect; there is no 
connection between the design and manufacture of wings and the specific vibration characteristics 
(dynamic stability characteristics) of FWMAVs, and there is no specific theory and method of FWMAV 
vibration reduction and manufacture. From the perspective of bionics, this study takes the hindwing 
of the beetle as the bionic prototype, synthetically uses the theories and methods of bionic principle, 
finite element analysis, vibration analysis, and 3D printing technology to develop a flexible wing 
suitable for FWMAVs, and analyzes its vibration mechanical characteristics, which will help to study 
the dynamic stability characteristics of the material to the wings of FWMAVs. This work provides a 
specific and effective practical reference for the design and manufacture of FWMAV wings. 

2 Materials and Methods 

2.1 The Hindwing Model and Topology Optimization Analysis 

2.1.1 The Beetle and Its Hindwings 
T. dichotomus and its hindwings are shown in Fig. 1 and have excellent flight ability and stability. 
Hindwings are soft and foldable; during flapping flight, flexible deformation and “∞” torsion can be 
used to obtain high lift and resist the impact of unsteady vortices to reduce vibration [37]. During 
non-flight, hind wings can be folded under the elytra to reduce the overall size of the insect, facilitate 
migration, and resist natural enemies. Beetles were acquired from Quanzhou, China, and five males 
of similar size were selected as subjects. 

Figure 1 T. dichotomus and its hindwings. 

2.1.2 The Hindwing Model and Topology Optimization Analysis 
This paper is based on the preliminary work of our research group [38, 39], including measuring the 
morphological characteristics, establishing a 3D model (Fig. 2a), obtaining nanomechanical material 
properties, and analyzing the structural mechanical properties of the model. Based on the analysis of 
the structural mechanical properties of the hindwing model under uniform load and considering the 
integrity of the wing membrane and the feasibility of 3D printing of the model, after fixing the wing 
membrane and the wing base (Fig. 2b), topology optimization analysis of the wing veins was carried 
out (Fig. 2c). According to the calculation results upon replacing the wing base element with the 
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linkage unit that can connect with the FWMAV, a 3D printing model of wing veins was obtained (Fig. 
2d). 

Figure 2 Hindwing model and topology optimization analysis. 

The ANSYS Workbench (19.2) was used to analyze and topology optimization of the hindwing model. 
The parameters of the hindwing model are present in Table 1. The veins were selected as the design 
area of topology optimization, and the membrane was selected as the non-design area. The base of 
the hindwing model was constrained, and a uniform load (0.05 N) was applied on it. The response 
constraint was retained 50% of the mass. The wing membrane and veins were meshed using the 
automatic method due to their complex geometry, and their minimum mesh sizes were set as 0.5 
mm and 0.1 mm, respectively. The number of grids was 293333, which met the requirement of grid 
computing independence. 

Table 1 Parameters used in the hindwing model. 

Parameters Value Parameters Value 

Hindwing area (mm2) 847.20 ± 0.05 Beetle weight m (g) 7.47 ± 0.04 

Diameters of C and Sc 
(mm) 

1.12 Young’s modulus of 
vein (MPa) 

0.65 ± 0.06 

Diameters of other 
veins (mm) 

1.02 Young’s modulus of 
membrane (MPa) 

0.30 ± 0.01 

Membrane thickness 
(mm) 

0.5 Poisson’s ratio υ 0.25 

The wing veins belong to composite elastic materials, and their material mechanical properties were 
measured by the nanoindentation testing system in our previous work [38]. The calculation equation 
between the reduced modulus Er (obtained from the test) and Young's modulus E is as follows [40]: 
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The veins were divided into tiny continuous units in the form of continuous variables density 
function. The density of each element was used as the design variable, and the relative density (xp) 
was defined within the range of [0, 1] to find the main loading force transmission path. The topology 
optimization of the veins was transformed into the optimal distribution of the material for the vein 
continuous unit, 

 𝑝 ൌ  𝑥𝑝ଵ 
(2) 

where ρ1 and ρ are the initial material density of each element and that after topology optimization, 
respectively. When xp within the range of [0, 1], the interpolation function was introduced to 
calculate Young's modulus E. The relationship between xp and E was established. The minimum 
compliance method (SIMP) is used [32], 
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where Ei, E0 , and Emin represent the interpolation modulus, the initial Young’s modulus of unit i and 
the Young’s modulus of hole, respectively. N is the number of finite elements, and p is the penalty 
factor. In the process of topology optimization, the volume of wing veins was set as the objective 
function. Stress and static displacement under uniform load were set as the constraint conditions. 
The objective function of topology optimization can be expressed as: 
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where X is the vector of design variables, VO is the total volume of wing veins, and Vi is the volume of 
wing unit. The optimization of the objective function is constrained by the following parameters, 
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(7) 

where Dl is the static displacement of the hindwing model in the direction of load, and [D] is the limit 
of Dl, which obtained from the structural mechanics analysis. 𝜉i is the element stress, [𝜉b] is the 
ultimate strength of veins. 

2.2 Mechanical Characteristics of the Flexible Wing Model and FWMAV Flapping 

Mechanism 

2.2.1 Flexible Wing Model and Mechanical Characteristics Analysis 
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To explore the best design of the flexible wing skeleton, the simple model (Fig. 3a, Pro-model), the 
bionic wing vein model (Fig. 3b, Bio-model), and the obtained topology optimization analysis model 
(Fig. 3c, Top model) were used as the control group. The structural mechanics and vibration modal 
characteristics were compared and analyzed. 

Figure 3 Structural design and mechanical characteristics of bionic wing models. 

The airfoil data of the three models were the same (using the hindwing airfoil data of T. dichotomus). 
Combined with the actual situation of 3D printing, a polyamide elastic film was used as the wing 
membrane material. SLA photo-curable resin was used as the wing skeleton material. The linkage 
unit was made of the same material as the wing skeleton. Material properties of the bionic wing 
model are present in Table 2. 

Table 2 Material properties of the bionic wing model. 

Parameters Density (g/cm3) Young’s modulus MPa Poisson’s ratio 

Wing skeleton 1.1 200 0.25 

Wing membrane 1.15 700 0.25 

Linkage unit 1.1 200 0.25 

In ANSYS Workbench, to analyze the structural mechanical and mode properties of bionic wing 
models, the model was first divided into three bodies: the connecting element, the skeleton, and the 
wing membrane. The material properties of each element were assigned to the model. Because the 
size of each element is different, the mesh was divided. The size of the mesh element was 0.5 mm. 
Because the structure of the model was not complicated, automatic mesh division was used to divide 
the model. The number of grid components after partitioning was 202,507 nodes and 67,962 
elements for Promodel, 213,902 nodes and 73,365 elements for Bio-model, and 203,710 nodes and 
67,937 elements for Top model. The element quality and skewness of the three models were 
sufficient to meet the needs of structural mechanic analysis. 

In order to simulate the supporting role of the bionic wing model in the hover flight, the model 
connecting elements were applied to fixed constraints, and uniform load Q was applied to the 
surface of bionic wing model, 
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where F is hovering wing lift, Q is uniform load. In ANSYS, the bionic wing element entities were 
discretized into a finite number of system, for arbitrary element (e), point displacement (l) , strain (ε), 
and stress (σ) are, 

 

ሾ𝑙ሿ ൌ ሾ𝑢, 𝑣, 𝑤ሿ 

ቐ ሾ𝜀ሿ ൌ ൣ𝜀௫௫ , 𝜀௬௬ , 𝜀௭௭, 𝜀௫௬ , 𝜀௬௭ , 𝜀௭௫൧

ሾ𝜎ሿ ൌ ൣ𝜎௫௫ , 𝜎௬௬ , 𝜎௭௭ , 𝜎௫௬ , 𝜎௬௭ , 𝜎௭௫൧ 
(9) 

According to the theory of elastic material, ε and l should satisfy the geometric relationship, 

 ሾ𝜺ሿ ൌ ሾ𝐿ሿሾ𝑙ሿ 
(10) 

where [L] is the differential operator 3D matrix. The σ and ε of bionic wing should satisfy: 

 ሾ𝜎ሿ ൌ ሾ𝐷ሿሾ𝜀ሿ 
(11) 

where [D] is 3D elastic matrix. Applying the principle of virtual work to the volume of arbitrary 
element of the bionic wing model, can obtain l at any point, through the point displacement and 
interpolation function [41]. Then the relationship between ε and the point displacement vector ([ue]) 
is as follows: 

 ሾ𝜀ሿ ൌ ሾ𝐿ሿሾ𝑁ሿሾ𝑢ሿ 
(12) 

wing structure requires two basic conditions: the balance of node; the degrees of freedom between 
adjacent units on node are coordination. Therefore, the stiffness of adjacent elements on common 
node is superimposed together to resist the displacement forming the overall structural equation, 

 ሾ𝐾ሿሾ𝑈ሿ ൌ ൣ𝐹൧  ሾ𝐹ௌሿ  ሾ𝐹ሿ 
    

(13) 

where [U] is structural node displacement vector, [Ke] is node stiffness matrix, [Fef], [FeS] are volume 
force, surface force equivalent node vector, respectively. [FeC] is the element node concentrates load 
vector. 

In order to simulate the dynamic stability of the bionic wing model, mode analysis was used to 
determine the natural frequency and mode of vibration so as to avoid the bionic wing resonance 
under the flutter frequency which will cause damage. The theoretical dynamic equation of bionic 
wing vibration is 



 ሾ𝑀ሿሼ𝑥 ሺ𝑡ሻሽ  ሾ𝐶ሿሼ𝑥 ሺ𝑡ሻሽ  ሾ𝐾ሿሼ𝑥ሺ𝑡ሻሽ ൌ ሼ𝐹ሺ𝑡ሻሽ 
(14)  

 
is element damping matrix, [K] is element stiffness  matrix, ẋi(t) is element velocity, ẍi(t) is element 
acceleration, and xi(t) is element displacement. While for the bionic wing model, it does not involve 
damping factors, only considers  its mass and stiffness factors. Thus, the equation can be obtained: 
 

 ሾ𝑀ሿሼ𝑥𝑥ሺ𝑡ሻሽ  ሾ𝐾ሿሼ𝑥ሺ𝑡ሻሽ ൌ 0 
(15)  

 
Its characteristic  equation is as follows: 
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Thus, the natural frequency is  calculated 

 𝑓 ൌ  
2𝜋 

𝜔

(17)  

2.2.2 FWMAV Flapping Mechanism 
 
Figure 4 shows the transmission mechanism of the FWMAV, composed of a  pedestal, moto gear, 
linkage rod, 1st-stage gear, 2nd-stage gear, and pendulum rod,  made of resin as the base  material  
substrate  by 3D printing.  A miniature DC motor (BETAFPV, 716MD,  China) is selected a s the  driving  
source. The motor specification is  7  mm × 16 mm × 0.8 mm, the output shaft length is 0.8 mm, the  
rated voltage is  3.4 V, the  starting voltage is  0.5 V, the rated current is 80  mA,  and the maximum  
speed is 70000 r/min. After the assembly,  the  maximum flapping frequency of the FWMAV prototype 
is 14  Hz.  
 

 
Figure 4 FWMAV flapping mechanical device.  
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2.3 Flexible Wing 3D Printing Design and Analysis of the FWMAV Vibration 

Characteristics 

2.3.1 Flexible Wing 3D Printing Design and Mass Determination 
Due to the irregular shape and small size of the skeleton of the models, 3D printing is the most 
reasonable method for their manufacture. The selection of skeleton material should follow the 
principle of being convenient for 3D printing, exhibiting high hardness and low density. Therefore, 
SLA light-curing 3D printing resin was selected as the skeleton material. Wing membrane materials 
should be selected with good elasticity, high fatigue strength, low density, and ease of cutting. 
Polyamide elastic film and machine-made paper were selected. 

The three models and two wing membranes were bonded together with adhesive (Fig. 5). 
Membrane I and membrane II are bionic wing membranes made of machine-made paper and 
polyamide elastic film, respectively. 

Figure 5 Flexible wing 3D printing design. 

2.3.2 Analysis of the FWMAV Vibration Characteristics 
Six kinds of bionic wings were connected to the FWMAV and tested in a low-speed DC wind tunnel 
(Fig. 6). The airflow enters the working section from the rectifying section through the inlet. The 
triaxial force transducer (LH-SZ-02, LH, China) can detect the real-time fluctuation of the force in the 
X–Y–Z direction, which is the force vibration direction of the FWMAV when flapping. The sampling 
frequency of the triaxial force transducer is 500 Hz, and the sampling time is 10 s. The collected force 
signal is de-noised by the wavelet de-noising method [42, 43]. 

Figure 6 Wind tunnel and the triaxial force transducer. 



    
        

  
     

    
      

   
  

 
     

 
  

  
       

  
 

 
 

     
  

 
      

  
  

      
 

    
   

  
   

  
 

 
      

 
   

     
      

       
       

      
    

 

Limited by the material and equipment level of the flapping wing mechanism, when the flapping 
frequency of the bionic wing is higher than 12 Hz, the vibration of the transmission mechanism is 
large, and long-term stable operation is difficult. Therefore, three frequency gradients (8 Hz, 10 Hz, 
and 12 Hz) with flapping frequencies lower than 12 Hz are selected as the experimental group. For 
the flapping mechanical device vibration characteristics under aerodynamic force, the rectification 
section of the wind tunnel was removed, and a high-speed digital camera (Phantom V711, Vision 
Research, Wayne, NJ, USA) was placed immediately in front of the device to observe the flapping 
situation and record the force data in real time. 

In the FWMAV wind tunnel test, it was found that when the wind speed exceeded 3 m/s, the wings 
of the FWMAV were susceptible to the influence of the wind speed and greatly affected. In a 
previous study by our research group, it was also found that the average lift generated by the wings 
decreased significantly when the wind speed exceeded 3 m/s. Therefore, this study used three 
different wind speed gradients with wind speeds lower than 3 m/s as the experimental group to 
study the wind resistance performance of the FWMAV. 

 𝑅 ൌ 
𝜌𝜐𝑑
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ൌ 
𝜃𝑓𝐿ଶ 

𝜇𝜆𝑎 
(18) 

ρ, the fluid density under the normal temperature air density, is 1.293 kg/m3; v is the fluid velocity of 
1 m/s, 2 m/s, and 3 m/s; d is the characteristic length (string length, 4 cm); μ is the viscosity for air 
movement, and at room temperature, the value is 1.789 × 10–5 kg/(m s); θmax is the amplitude of 
the flapping angle (approximately 75°); f is the flapping frequency of 8 Hz, 10 Hz, and 12 Hz; L is the 
wingspan (9 cm); and λa is the aspect ratio (2.25). Upon substituting the above parameters into the 
Reynolds number calculation formula, the Reynolds numbers at different wind speeds and 
frequencies are 2.891 × 103, 5.782 × 103, 8.673 × 103, 1.49 × 103, 1.86 × 103, and 2.24 × 103. 

The Strouhal Number S = 𝜔L∕v , where ω is the circular frequency (2πf), L is the length of the 
wingspan, and v is the wind speed. The Strouhal Numbers are 2.26, 2.87 and 3.39 when the fixed 
wind speed is 2 m/s and flutter frequency is 8 Hz, 10 Hz, and 12 Hz, respectively. When the fixed 
frequency is 12 Hz and the wind speed of the test section is 1 m/s, 2 m/s, and 3 m/s, the Strouhal 
Numbers are 6.78, 3.39, and 2.26, respectively. 

3 Results and Discussion 

3.1 Hindwing Model Topology Optimization Analysis 

The results of the topology optimization analysis of the wing veins of the hindwing model indicated 
that the most sensitive part of the mass response (red area in Fig. 2c) was mainly concentrated in the 
end piece of the costa vein (C) and the subcostal vein (Sc), the anal vein (1A, 2A, 3A), the end piece 
of the radius branch vein (R1 and R2), the middle and end piece of the media vein (M), the cubitus 
branch vein (Cu1 and Cu2), and the end piece of the jugal vein (J). This indicates that the above vein 
unit is not the main force transmission path of the hindwing. Removing some of its mass will not 
have a great influence on the structural and mechanical properties of the hindwing model. The gray 
area in Fig. 2c is the wing vein unit whose mass should be preserved after calculation, namely the 
main force transmission path of the hindwing vein model. 



      

 
      

     
    

 

 
       

    
 

  
    

   
 

    
      

  
 

     
   

   
        

 
        

    
      

  
  

 
   

  
   

  
     

 
 
 

     

    
   

      
    

 

Based on the calculation results and replacing the hindwing base with the linkage unit that can 
connect with the FWMAV body, the topology optimization model of the hindwing veins is shown in 
Fig. 2d. 

In this model, considering the coherence and realizability of 3D printing, the costa vein (C), the 
subcostal vein (Sc), and the anal vein (1A) were retained as a whole, and the anal vein (2A), the anal 
vein (3A), and the red parts of the remaining vein units were removed. 

3.2 Mechanical Characteristics of the Flexible Wing Model and the FWMAV Flapping 

Mechanism 

3.2.1 Structural Mechanical Characteristics 

As shown in Fig. 3d, e and f, the overall displacement and deformation trends of the three models 
are similar. The difference is that Pro-model has the displacement deformation located at a relatively 
forward position in the span-wise direction, while Bio-model and Top model have the displacement 
deformation located at a relatively aft position. This indicates that the flexible wing model based on 
beetle hindwings has a stronger ability to resist displacement deformation in the span-wise direction. 
The maximum displacement shape variables of the models are 17.56 mm, 8.48 mm and 11.90 mm, 
which occur in the tail. This indicates that the skeleton structure of the models can resist the 
uniformly distributed load better, but the effect for Bio-model and Top model is more obvious. 
Because the number of vein units was reduced, the load-resisting effect of Top model is slightly 
decreased compared with that of Bio-model. 

As shown in Fig. 3g, h and i, the maximum strain of Promodel is 0.68, which occurs at the crosswise 
skeleton close to the linkage unit. Along the span-wise direction of the first two longitudinal 
skeletons, the strain distribution is concentrated. The maximum strain of Bio-model is 1.08, but no 
concentrated strain distribution is observed. The location of the maximum strain is not obvious, and 
near the skeleton and the linkage unit, a strain distribution of 0.15–0.38 is generated. The maximum 
strain of Top model is 0.86, which is smaller than that of Bio-model but larger than that of Pro-model. 
The results indicate that Bio-model has the strongest overall strain resistance, but the maximum 
strain that occurred is the largest. The strain resistance of Promodel is the weakest, and the elastic 
strain concentration is in the largest range. The ability of Top model to resist strain occurrence is 
moderate, and the strain distribution range is minimal. 

As shown in Fig. 3j, k and l, the maximum stress of Promodel is 5.44 MPa, concentrated in the 
skeleton close to the linkage unit. The maximum stresses of Bio-model and Top model are 2.81 MPa 
and 2.76 MPa, respectively. However, the stress of most skeleton groups is concentrated in the range 
of 0.40–1.00 MPa, without a large range of stress concentration distributions. The results show that 
the stress resistance of Top model and Bio-model is better than that of Pro-model, and the structural 
mechanical properties of the two models are similar. 

It can be inferred that all the models have a good ability to resist displacement and deformation, but 
the elastic strain‒stress characteristics are different. Pro-model tends to develop a large range of 
strain‒strain concentrations with poorer structural mechanical properties and loading capacity. The 
stress‒strain characteristics of Top model and Biomodel are similar, and there is no concentration 
over a wide range. This result indicates that Top model and Bio-model have better structural and 
mechanical properties and are more suitable for use as the carrier frame of the FWMAV. 

https://0.40�1.00
https://0.15�0.38
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3.2.2 Vibration Mode Characteristics 

Figure 7a–f shows the vibration mode characteristics of Promodel. The natural frequency of the first 
mode is 1.36 Hz, and the mode shape shows an “up-down flapping” mode along the span-wise 
direction, and the largest deformation occurs at the tail of the model. The natural frequency of the 
second mode is 4.88 Hz, and the mode shape shows an “upward torsional” mode along the chordal 
direction in the middle of the model, resulting in the largest deformation. The third natural 
frequency is 7.90 Hz; the middle of the model bends downward, and the tail twists upward. The 
fourth and fifth natural frequencies are 10.23 Hz and 16.45 Hz, respectively. The model is curved in 
the spanwise direction and twisted chordwise. However, the bending directions are opposite to each 
other, and the torsion directions are similar. The natural frequency of the sixth mode is 19.39 Hz and 
does not have regular bending and torsion characteristics on the whole. It can be inferred that when 
the vibration frequency of Pro-model is lower than 7.90 Hz, the single deformation of torsion or 
bending is more likely to happen. The frequency of bending deformation is lower, while the 
frequency of torsional deformation is higher. When the vibration frequency is between 7.90 Hz and 
16.95 Hz, Pro-model is susceptible to deformation resulting from a combination of torsion and 
bending. When the vibration frequency exceeds 19.39 Hz, the vibration deformation around Pro-
model is large, and it no longer exhibits good modal vibration mechanical behavior. 

Figure 7 Vibration mode characteristics. 

Figure 7g–l shows the vibration mode characteristics of Bio-model. The bending and torsional 
deformation regulations of Bio-model and Pro-model are similar. Both show single bending and 
torsional deformation at the first three natural frequencies, with combined bending and torsional 
deformation at the fourth and fifth natural frequencies, and both lose regular deformation 
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characteristics at the sixth natural frequency. However, the natural frequencies of Biomodel are 
slightly higher than those of Pro-model, and the vibration deformation amplitude is slightly smaller. 
When the vibration frequency is higher than 21.05 Hz, the deformation around Bio-model is larger, 
the original characteristic shape is lost, and the regular bending and torsional deformation 
regulations are no longer available. It can be inferred that compared with Pro-model, the skeleton of 
Bio-model has stronger support for the wing membrane and has better dynamic stability, which is 
conducive to flapping at higher frequencies and obtaining higher lift forces. 

Figure 7m–r shows the vibration mode characteristics of Top model. The bending and torsional 
deformation regulation of Top model is similar to that of the other models. However, the natural 
frequency without airfoil characteristics is the lowest, and the maximum vibration amplitude is the 
smallest. This is because the airfoil and material of the models are the same, and the change 
regulations of the overall displacement deformation are similar. When vibrations occur at different 
frequencies, the deformation regulations are similar. In addition, due to the different distributions 
and combinations of skeleton elements, the vibration frequency and amplitude are different. 

3.2.3 FWMAV Flapping Mechanism Characteristics 

As shown in Fig. 8a–c, it is found by imaging with the highspeed digital camera that when the 
transmission mechanism of the FWMAV drives the two wings to rotate up, the linkage mechanism 
suddenly “stops” (dead point) when it reaches the highest position. At this time, due to the sudden 
stagnation of the linkage mechanism, the 2nd-stage reduction gear changes from downward 
meshing rotation to upward meshing rotation, and the rod of the pendulum swings to the highest 
point and slowly falls back due to the combined action of inertia and gravity. 

Figure 8 Flapping process of the FWMAV when the flapping frequency is 8Hz. 

As shown in Fig. 8d, e, the 2nd-stage reduction gear continues to rotate downward under the 
engagement of the 1st-stage gear, and the rod of the pendulum starts to move downward from the 
highest position and accelerates to swing downward. When the linkage rod moves to the lowest 
position, the mechanism suddenly “stops” again. The 2nd-stage reduction gear undergoes motion 
mutation, and the rod of the pendulum moves to the lowest position and stops under the action of 
inertial forces and gravity. As the 1st-stage gear continues to rotate, the linkage rod moves upward 
from the lowest point and drives the rod of the pendulum upward, and the wings rise to the starting 
position to complete a flapping cycle. 
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The results show that when the rod of the pendulum swings upward to the top and downward to the 
bottom, the 2nd-stage reduction gear undergoes “rotational mutation”, the rod of the pendulum 
experiences “rotation stagnation”, and the “reciprocating angle” also appears, named α and β. This is 
also the prime reason for the vibration of the FWMAV. When the flapping frequency is 8 Hz, the 
downflapping stroke time is 43 ms, the downward “rotation stagnation” time is 18 ms, the up-
flapping stroke time is 53.5 ms, the upward “rotation stagnation” time is 13.5 ms, the ratio of up and 
down stroke time is 1.24, and the ratio of “rotation stagnation” time is 0.75. 

3.3 Flexible Wing 3D Printing Design and FWMAV Vibration Characteristics Analysis 

3.3.1 Flexible Wing 3D Printing Design and Mass Determination 
The mass determination (Fig. 9) of the three models after 3D printing shows that the skeleton weight 
of Bio-model is 0.92 ± 0.08 g and that of Top model is 0.78 ± 0.06 g. This shows that the mass of the 
skeleton model can be reduced by 15.22% after topology optimization analysis. The results prove 
that topology optimization analysis can effectively reduce the mass of the bionic wing while 
maintaining the mechanical properties of the model structure. After assembling three kinds of 
skeleton structures and two kinds of wing membranes, it is found that the mass of the same model 
with membrane II is smaller than that with membrane I. 

Figure 9 Flexible wing mass determination. 

3.3.2 Vibration Characteristics at Different Flapping Frequencies 
Figure 10 shows the force amplitude time domain diagram of the models at different flapping 
frequencies with a fixed wind speed of 2 m/s. Figure 10a, d, b, e, c and f shows the force fluctuation 
of Pro-model in the X-, Y-, and Z-axis directions, respectively. The figure shows that when the FWMAV 
flaps at frequencies of 8 Hz, 10 Hz, and 12 Hz, the force fluctuation in the X-axis and Y-axis obviously 
increases with increasing flapping frequency. The wave peaks are more pronounced, and the 
waveform is sharper and has no obvious periodic characteristics. The results show that the vibration 
amplitude in the front and back and left and right directions is greatly affected by the flapping 
frequency. The dynamic instability characteristics are significant, and under the comprehensive 
influence of the inertial force and aerodynamic force, the impact effect is obvious. When the flapping 
frequency reached 12 Hz, more high and sharp peak fluctuations appeared in the X-axis direction, 
but the peak fluctuations of membrane II are significantly less than those of membrane I. These 
results indicate that when Pro-model is used as the skeleton and flapping model at a higher 
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frequency, the vibration amplitude is larger and the dynamic stability poor. Because of the lighter 
weight and stronger elasticity, the impact resistance of membrane II is better than that of membrane 
I. 

Figure 10 Vibration characteristics of the three kinds of models at different flapping frequences. 



   
  

   
      

   
      

     
  

   
  
   

    
   

 
    

   
     

   
    

      
     

  
   

     
   

 
 

      
    

 
     

     
  

    
       

  
     

 
       

     
 

 

 
 

    
      

   
        

     
       

      

The force fluctuation has obvious periodic harmonic vibration characteristics in the Z-axis direction. 
The initial phase of flapping at different frequencies is the same, but at 10 Hz and 12 Hz, the peak 
shifts to the left, and the number of periods is positively correlated with the flapping frequency. Over 
one flapping cycle, there are two unilateral shaving phenomena at the positive peak in the Z-axis 
direction at three kinds of frequencies. This is mainly because in the flapping process of the FWMAV, 
the flapping mechanism appears at twice the “dead point”, and wing flapping occurs at twice the 
“stagnation”, which hinders its ability to obtain lift. At 8 Hz, the peak shaving phenomenon is the 
most significant, but the waveform amplitude is the smallest, and the amplitude stability is the best. 
At 12 Hz, the amplitude of the waveform is the largest, the membrane I waveform has more higher 
harmonics, and the roughness is stronger. According to the overall stress in the Z-axis direction, for 
membrane II compared with membrane I, the waveforms are more stable at the three frequencies. 
In addition, the case of higher harmonics occurs less frequently, the shaving phenomenon of the 
positive peak is not obvious, and the vibration resistance is better. 

As shown in Fig. 10g, j, h, k, i and l, compared with Pro-model, when Bio-model is the skeleton, the 
peak height and waveform roughness of the force fluctuation in the X-axis direction are greatly 
decreased. This shows that the dynamic stability of Bio-model is better than that of Pro-model in the 
X-axis direction. This is due to the better support of the Bio-model wing membrane with relatively 
low deformation. When the flapping frequency is 8–10 Hz, the mode vibration deformation of Bio-
model is small, and the resistance to external force impact is strong. The double peak amplitude of 
the force on the Y-axis is higher. This is because the mass of Bio-model is higher than that of Pro-
model. Under the influence of inertial forces, when the wings are flapping, they create more 
influence on the X- and Y-axes, and the amplitude of vibration under force is large. However, in the Z-
axis direction, the Bio-model amplitude stability of the stress waveform is better, no obvious higher 
harmonics are found in the two peaks, and the shaving phenomenon of the positive peak is 
obviously reduced. The results show that the anti-vibration performance of Bio-model is better than 
that of Pro-model. When Bio-model is used as the skeleton, the number of wave peaks on the X-axis 
and Y-axis of membrane II is less than that of membrane I, and the degree of waveform roughness is 
lower. This proves that the vibration resistance of membrane II is still better than that of membrane I. 

As shown in Fig. 10m, p, n, q, o and r, compared with the former models, the stress waveform of Top 
model on the X-axis and Y-axis is significantly less than that of Promodel, and the amplitude of the 
peaks is lower than that of Bio-model. This is because the mechanical properties and structural 
support ability of Top model are better than those of Pro-model, and the modal vibration amplitude 
is lower, so the dynamic stability is better. After topology optimization analysis, the structural 
mechanical properties of Top model are close to those of Bio-model, but the mass is lower. 
Therefore, the inertial force has little effect on the flapping of the wings, and the amplitude of the 
force vibration is lower. Compared with the Bio-model results, the force waveform on the Z-axis and 
the positive peak shaving phenomenon of Top model are lower. When the flapping frequency is 12 
Hz, positive peak shaving is almost eliminated, indicating that Top model has a more stable ability to 
gain lift. 

3.3.3 Vibration Characteristics at Different Wind Speeds 
Figure 11 shows the force amplitude time domain diagram of the two kinds of wing membrane 
materials at different wind speeds with a fixed flapping frequency of 12 Hz while the three models 
are used as the skeleton. Compared with Fig. 10, the force vibration amplitude of Pro-model in the X-
axis under the three wind speeds is higher. The overall shaking degree of the FWMAV is the strongest 
when the wind speed is 1 m/s, followed by 3 m/s, and the smallest result occurs when the wind 
speed is 2 m/s. This is because the wind speed direction is parallel to the X-axis direction. When the 
wind speed is at its minimum (1 m/s), the wings flap vigorously, and the wind generates positive 
excitation on the vibration, so the fluctuation degree is the largest. When the wind speed further 
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increases (2 m/s), the wind force inhibits the flapping of wings in the X-axis direction, so the force 
fluctuation degree is the smallest. When the wind speed is 3 m/s, although the flutter of the wings is 
inhibited to a certain extent, the wind has a great effect on the whole FWMAV, so the force 
fluctuation degree is moderate. 

Figure 11 Vibration characteristics of the three kinds of models at different wind speeds. 



 
    

         
   

    
  

     
     

   
 

   
     

       
 

 
      

      
   

      
     

   
     

      
  

 

     
     

  
     

   
    

  
    

 
  

    
    

 

 
   

 
 

 
    

  
 

 

The force vibration amplitude of Pro-model on the Y-axis is higher than that without wind. The 
overall shaking degree is the strongest when the wind speed is 1 m/s, followed by 2 m/s, and the 
smallest occurs when the wind speed is 3 m/s. This is because the wind is perpendicular to the Y-axis, 
restraining the flapping of the wings and reducing the amplitude, but the wind does not exert a force 
on the Y-axis. Since the angle of attack is not set, the wind speed direction is perpendicular to the Z-
axis direction, and the force on the Z-axis mainly comes from the flapping of the wings; therefore, 
the force fluctuation curves of the wind speeds coincide with the fluctuation curves of Fig. 10 when 
the flapping frequency is 10 Hz. The force fluctuation degree of membrane II on the X-axis and Y-axis 
is smaller than that of membrane I, which indicated that it has better wind fluctuation resistance. 

As shown in Fig. 11, the force fluctuation amplitudes of Bio-model on the X- and Y-axes are 
significantly smaller than those of Pro-model; the number of wave peaks is much lower, and the 
amplitude stability is better. This is because the structural mechanical properties of Bio-model are 
better than those of Pro-model, and the resistance to deformation and wind is excellent. 

As shown in Fig. 11, compared to the Bio-model and Pro-model results, the force fluctuation 
amplitudes of Top model on the X- and Y-axes are intermediate. This corresponds to the supporting 
ability of the three models on the wing membrane. However, with the combination of Top model and 
membrane II, the force fluctuation on the Z-axis is obviously better than that of Bio-model and Pro-
model; the waveform curve is the smoothest, no obvious higher harmonics were observed, and only 
one shaving phenomenon occurs in the flapping cycle. This is because the combination of Top model 
and membrane II has a lower mass and minimum inertial force while maintaining a certain 
supporting capacity. This demonstrates that the combination of Top model and membrane II 
produces the best dynamic stability. 

4 Conclusions 
This paper determined the main force transmission path of the hindwing by topology optimization 
analysis and the Top model was established. Compared with bionic wing model Bio and classical wing 
model Pro, Top has better structural mechanical characteristics and dynamic stability. SLA light-curing 
resin was selected as the skeleton material, machine paper (membrane I) and polyamide elastic film 
(membrane II) were selected as the wing surface materials to manufacture FWMAV. When the 
FWMAV flapped, the 2nd-stage reduction gear will exhibit the “rotational mutation” phenomenon, 
and the linkage will suddenly experience “stagnation” twice. This was the main reason for the 
vibration of the FWMAV. Wind tunnel and force sensor were used to analyze the vibration 
characteristics of FWMAV with flexible wing under different aerodynamic parameters. When the Top 
model was used as the skeleton and polyamide elastic film (membrane II) was selected as the wing 
surface, the force amplitude was more stable, the roughness of the waveform and the peak shaving 
phenomenon of the Z-axis were the lowest, the actual dynamic stability was better. Of the model 
combinations tested, this combination was concluded to be the most suitable as a manufacturing 
solution for FWMAV wings. 
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