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Abstract 

Dragonflies are widely concerned because of their superb flying skills, which have unique tandem wings. The 

tandem wings can make full use of the interference of various spatial vortices to obtain efficient flight capability. 

Because of the variety of dragonflies, the wing distribution between tandem wings is also different. In this 

paper, the aerodynamic performance of the dragonfly-inspired tandem wings is analyzed using the 

Computational Fluid Dynamics (CFD) method considering the wing spacing between tandem wings. The force 

coefficient and vortex structure in forward flight are analyzed. The results show that variation of the spacing 

will affect the time when the vortex of the forewing (FW) reaches the hindwing (HW), resulting in the lag of the 

peak and trough of the force coefficient curve of HW. The aerodynamic performance of HW can be improved 

by properly adjusting the distance between FW and HW. The conclusion can provide theoretical guidance for 

the design of the dragonfly-inspired tandem flapping wing aircraft. 
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1. Introduction 

The dragonfly can perform various flight maneuvers with high performance, such as forward flight, 

backward flight, hovering, maneuvering flight, and so on.[1] The dragonfly has unique tandem wings, 

which can effectively use a variety of unsteady airflow interference to achieve efficient aerodynamic 

performance through complex motion parameter interaction. In its flight process, the interaction 

between tandem wings is the main source of producing larger thrust, lift, and stronger 

maneuverability.  

In order to reveal the influence of the interference between forewing (FW) and hindwing (HW) on the 

aerodynamic performance of the dragonfly, lots of simulation and observation experiments have 

been done. Bode-Oke et al [2] found that the combination of the attack angle and velocity results in 

significant aerodynamic force. Shumway et al [3] studied the wing deformation of the dragonfly and 

found that the average lift and thrust caused are small by the wing deformation. Hefler et al [4] 

discovered varying effects of the vortex produced along different areas of the HW. Swain et al [5] 

investigated the temporal effects of the wake capture and dipole structure by analyzing 2D vorticity 

flow fields surrounding the fore and hind wings. Rüppell et al [6] analyzed the flight of dragonflies by 

shooting in slow motion, and observed that the phase difference will gradually change when flying 

slowly. Shanmugam et al [7] have studied the influence of the phase difference and distance 

between the FW and HW. The study revealed that both factors influence the aerodynamic 

interference of the tandem wings. Zou et al [8] found that the interactions between FW and HW 

greatly affect their vortex structure and flight performance. 

There are about 6,000 named species of Odonata in the world, and each family has obvious 

biological differences[9]. So it is speculated that the wing spacing of the dragonfly will affect its 

aerodynamic performance. Some researchers also pay attention to the distance of tandem wings. 

Wu Qi Gong et al[10] studied the phase difference and wing spacing of tandem wings, and found 

that the increase in the mean thrust coefficient of the FW is caused by the leading edge vortex (LEV) 

and stagnation region of the HW. K. B. Lua et al[11] used experimental and numerical methods to 

study the aerodynamic performance of the phase difference and wing spacing at Reynolds number 

of 5000. Results show that increasing wing spacing has a similar effect as reducing the phase angle. 
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Abdelhakim Younsi et al[12] observed the effects of the asymmetry in flapping duration, wing 

spacing, and phase difference on the aerodynamic performance of tandem wings. The three values 

when the propulsion efficiency is optimal are obtained. Zhaokai Lu[13] carried out a three-

dimensional numerical simulation analysis on a set of NACA0011 arranged in tandem configuration. 

The results show that as the distance decreases, the lift of the FW increases sharply, and the lift of 

the HW decreases, but the total lift remains unchanged. 

However, the research on the wing spacing of tandem wings is under the condition of two-

dimensional calculation, and the wings of the FW and HW are the same. In order to clarify the 

influence of wing spacing, a calculation model is established by using real dragonflies. Taking the 

horizontal distance and vertical distance between the HW and the FW as the main research 

parameters. The influence of the change of wing spacing on the aerodynamic performance of the 

FW and HW is analyzed by Computational Fluid Dynamics (CFD). It is hoped that the research 

results can provide the theoretical basis for the research of dragonfly-inspired flapping-wing aircraft. 

2. Materials and Methods 

2.1 Tandem Wings model 

In order to figure out the influence of wing spacing on the aerodynamic characteristics of dragonfly 

tandem wings, the real dragonfly wing is used as a reference to establish the tandem wings model 

(as shown in Figure 1) and flapping kinematics for the numerical simulation. In Figure 1, bf is the 

semi-span of the FW, and bh is the semi-span of the HW. The l indicates the distance between 

tandem wings and the symmetry plane. Detailed geometric data of the tandem wings model are 

provided in Table 1. 

 

Figure 1 – The tandem wings model. 

Because of the uneven variation of the chord length of real dragonfly wings, the mean chord length 

is taken as the chord length of the FW and HW. The distance from the quarter chord length of the 

FW to the quarter chord length of the HW is 5.93×10-3m. 

Table 1 – Wing parameters. 

Parameter Value 

Mean chord length of FW (cf) 8.67×10-3m 

Mean chord length of HW (ch) 1.15×10-2m 

Semi-span of FW (bf) 4.7×10-2m 

Semi-span of HW (bh) 4.5×10-2m 

Distance between the wing heel and the symmetry plane(l) 8.67×10-3m 

Wing thickness(d) 8.6×10-5m 

2.2 Motion kinematics 

The movements of the tandem wings combined with flapping and pitching motion are described in 

Figure 2. The flapping motion axis in the XOZ plane. The pitching motion rotates around an axis, 

which is positioned a quarter of the chord length of the FW and HW. The stroke plane angle is 
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defined as β. 

 

Figure 2 – Motion model. 

The governing equations of flapping and pitching motion are given as follows. 

 ( ) sin(2 )mFW t ft  =  (1) 

 ( ) sin(2 )mFW t ft  =  +  (2) 

 ( ) sin(2 )mHW t ft   = +  (3) 

 ( ) sin(2 )mHW t ft   =  + +  (4) 

where Фm and αm is the amplitude of the flapping and pitching and set to 30. f is the flapping 

frequency. φ is the phase angle between the flapping and pitching motion, and ψ is the phase 

difference between the FW and HW. In order to ensure the efficient flight of tandem wings, the 

phase angle between the flapping and pitching motion needs to be kept at 90 degree [14]. Some 

motion parameters during calculation are shown in Table 2. 

Table 2 – Motion parameters. 

 

 

 

 

 

 

 

 

The main variable parameter in this study is the wing spacing, and the wing spacing is defined by 

controlling the horizontal and vertical distance between the HW and the FW. The wing spacing is 

shown in Table 3. 

Table 3 – Define the wing spacing. 

 

 

 
 

The quarter chord distance between the FW and the HW is defined as the initial distance. Where 

c=1/2*(cf+ch). The force on the stroke plane is divided into vertical force (FV) and horizontal force 

(FH). The force is defined as shown in Figure 3. The time-averaged force coefficients can be 

obtained as shown in equations 5 and 6 respectively. 

Name parameter 

Re 1286 

Velocity (u) 2.2m/s 

Flapping frequency (f) 30Hz 

Phase difference (ψ) 90 degree 

Stroke plane angle (β) 75 degree 

 The distance between the HW and the FW 

Horizontal distance (x-axis) h0(initial distance ) h0+2c h0+4c 

Vertical distance (z-axis) l0(initial distance ) l0+2c l0+4c 
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Where T is the flapping period. 

 

Figure 3 – Force definition. 

2.3 Computational conditions 

The transient simulations are investigated numerically using the computational fluid dynamics 

software by solving the Navier–Strokes equations. The equations governing the flow in the 

numerical solver were the transient and incompressible continuity equation and the Navier-Stokes 

equation. For all the cases in this study, the laminar model is used to stimulate. Momentum, 

turbulent kinematic energy, and specific dissipation rate are discretized with a second-order 

upwind scheme. Second-order accuracy is applied to calculate the pressure. Transient Formulation 

is First Order Implicit. A coupled algorithm is employed for the pressure-velocity coupling. 

The motions of the flapping wings are simulated based on an overset mesh technique. The overset 

mesh consists of a background mesh and a component mesh. In the process of dynamic 

movement, the background mesh remains static, while the entire component mesh moves as a 

rigid body. The component mesh utilizes unstructured grids, and the wing surface generates 

structured grids. The assembled mesh is shown in Figure 4 (a), and the grid area is a cube of 

120cf×120cf×100cf. The component mesh is composed of a cylinder with a radius of 10cf and 10cf, 

as shown in Figure 4 (b). The wing surface mesh is shown in Figure 4 (c). The height of the first 

grid of the boundary layer is 0.08mm to ensure Y+=1. 

 

(a)                                         (b)                                          (c) 

Figure 4 – Computational domain setup for the tandem wings(a) Assembled mesh; (b) Component 

mesh;(c) Wing surface mesh. 

2.4 Solver validation 

According to the experiment of S. Heathcote [15] in 2006, the method is verified. The model used in 

this experiment is NACA0012, with a chord length(c0) of 100mm, and a spanwise length of 600mm. 

The wing motion is defined as follows: 
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 00.175 cos(2 )s c ft=   (7) 

Where s is the displacement of the wing root and f is the oscillating frequency. The Reynolds 

number is defined as Re =U∞c/v, where v is the dynamic viscosity of water and U∞ = 0.939m/s is the 

freestream velocity. Based on the conditions, the results are compared with the calculation results of 

Liu [16]. As shown in Figure 5, the agreement is generally good for the parameters, with a small 

discrepancy appearing at the peak and valley values. It should be noted that the experimental data 

measured from the inflexible wing still shows small flexibility rather than a fully rigid wing. This might 

be responsible for a slight thrust force increase and phase delay. According to the comparison 

results, the overset method is feasible. 

 

Figure 5 – Comparison of experiment and CFD simulations. 

3. Results and discussion 

3.1 Aerodynamic forces 

In this simulation, nine different cases were calculated to study the influence of the wing spacing 

between the FW and HW on the forward flight. All cases were calculated for three periods and the 

results of the last period are analyzed. Figure 6 shows the force coefficient of the FW in different 

wing spacing. The gray area represents the flapping downstroke, and the light zone indicates the 

wing is flapping upstroke. A variety of curve styles means a change in horizontal distance. 

Distinguish the vertical distance from the HW to the FW with colors. The name of the curve is 

followed by the time-averaged force coefficient. In Figure 6, at the time of t/T=0.55, the force 

coefficient curves all showed small fluctuations. At other times, the force coefficient curve changes 

consistently. The change of wing spacing had little influence on the force coefficient of the FW. 

 

(a)                                                                        (b) 

Figure 6 – The force coefficient of FW under different wing spacing. (a) Vertical force coefficient; (b) 

Horizontal force coefficient. 
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As can be seen from Figure 7, the force coefficient curve of the HW is different. Because there is 90 

degree phase difference between the FW and the HW, the force coefficient curve of the HW is 

shifted forward by a quarter period. At the trough of the vertical force coefficient and the peak of the 

horizontal force coefficient, the curve has a more chaotic change. The curve at the complex change 

is enlarged to the left. In order to clarify the influence at different positions, the curves at typical 

positions are selected for thickening. 

 

(a) 

 
(b) 

Figure 7 – The force coefficient of HW under different wing spacing. (a) Vertical force coefficient; (b) 

Horizontal force coefficient. 

In Figure 7(a), it is found that the value trough becomes smaller and smaller and the time of the 

trough appears gradually lags behind, with the increase of the vertical distance. The change in the 

red curve also shows the same phenomenon. With the increase of the horizontal distance, the value 

of the vertical force coefficient of the HW also decreases, and the trough also lags behind. The 

change of the dashed line of the vertical force coefficient also appears obvious lag phenomenon, 

but there is only a slight increase in the value of the trough. Interestingly, when the horizontal 

distance is h0+4c, increasing the vertical distance still has a trough lag phenomenon. However, the 

value of the trough is gradually increasing. The change of the green curve shows that when the 

vertical distance is l0+4c, increasing the horizontal distance will also lead to the gradual increase of 

the trough value. 

A similar phenomenon occurs in the horizontal force coefficient shown in Figure 7(b). The difference 
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is that the curve variation law is opposite to the vertical force coefficient. The change in trough value 

is more obvious when the horizontal distance is h0+2c. When the spacing changes at the initial 

horizontal position or the initial vertical position, the vertical force coefficient decreases and the 

horizontal force coefficient increases gradually with the increase of the spacing. As the horizontal or 

vertical spacing increases by 2c or more, the vertical force coefficient begins to increase, and the 

horizontal force coefficient gradually decreases. This shows that the change of spacing in different 

directions has little influence, but the change of spacing has a great influence on the aerodynamic 

force on the HW. In order to clear the influence of the vortex during the flapping upstroke, five 

typical wing spacing at t/T=0.55 are selected for fluid-structure analysis. 

3.2 Fluid structures 

Figure 8 shows five pressure coefficient contours of different wing spacing at the moment of HW 

mid-upstroke (t/T=0.55). The pressure coefficient (cp) is defined by equation 8, and the range of the 

cp in all examples is -1 to 4. 

 
1 2
2

pressure
cp

u
=  (8) 

At t/T=0.55, it can be clearly seen that there is a high-pressure zone on the upper surface of the HW 

near the leading edge of the wing tip. With the increase of horizontal distance, the high-pressure 

area at the tip is gradually increasing. Meanwhile, the low-pressure area at the root of the HW also 

increases. When the horizontal spacing is kept at l0+4c, with the increasing of the vertical distance, 

the high-pressure zone is not obviously affected. However, the low-pressure zone at the wing root is 

still expanding. This explains the phenomenon that the trough values of the force coefficient curve 

change inversely after increasing the spacing in different directions. 

 

Figure 8 – Pressure coefficient contour of different wing spacing at the moment of HW mid-upstroke 

(t/T=0.55). 

In order to explore the causes of the pressure change on the HW surface, the wing root and the 

wing tip vortex section are selected for observation. Figure 9 presents the vortex contour within the 

slice at t/T=0.55. The first line shows the vortex at the wing root and the second line shows the 

vortex at the wing tip. 

At the wing root, when the vertical spacing is constant and the horizontal spacing is increased, the 

HW gradually moves away from the influence zone of the trailing edge vortex(TEV) of the FW. The 

vortex absorbed by the lower surface of the HW gradually decreases, so the low-pressure area at 
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the HW root expands. With the magnification of vertical spacing, the HW is completely separated 

from the vortex zone of the FW, which leads to the continuous expansion of the low-pressure zone 

of the HW root. 

In Figure 9(a), at the wing root, the leading edge vortex(LEV) of the FW is cut off by the HW. Then, 

the LEV of the FW affects the vortex on the upper surface of the HW. And only a small part of the 

LEV is absorbed by the lower surface of the HW. With the expansion of horizontal spacing, the LEV 

intercepted by the HW is reduced. The influence of the LEV on the lower surface of the HW 

increases gradually, which leads to the expansion of the high-pressure zone at the HW tip. With the 

increase of vertical spacing, the high-pressure area at the wing tip does not expand further, because 

the HW has absorbed part of the LEV of the FW and left the vortex zone at this time. 

 

Figure 9 – Vortex contour within the slice at the wing root and wing tip at the moment of HW mid-

upstroke (t/T=0.55). 

The wing spacing between the FW and HW has impacts on the aerodynamic force of tandem 

configuration. The wing spacing not only affects the time when the vortex generated by the FW 

reaches the HW, but also has different effects at the root and tip of the HW. The vortex capture of 

the HW can be adjusted by changing the wing spacing between the FW and the HW properly. 

Meanwhile, the aerodynamic characteristics of the HW can be changed to make the HW have good 

aerodynamic performance. 

4. Conclusions 

In this paper, the aerodynamic characteristics of the tandem wings have been assessed based on 

the overset mesh technique. Several wing spacing are investigated to evaluate the effects of 

different spacing between the FW and HW on the aerodynamic performance of the tandem wings. 

The conclusions are as follows: 

(1) The influence of spacing change in different directions is similar. The main influence on the 

aerodynamic performance of the HW is the change of spacing. The change of the spacing will 

affect the time when the vortex of the FW reaches the HW, resulting in the lag of the peak and 

trough of the force coefficient curve during the flapping of the HW. 

(2) The increase of the HW spacing within 2c will raise the peak value of the horizontal force 

coefficient of the HW. When the range is greater than 2c, the peak value of the horizontal force 

coefficient will decrease. Thus, it is beneficial to improve the aerodynamic performance of the 

HW by properly adjusting the distance between the FW and the HW within l0+2c or h0+2c. 
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