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    Abstract:  Typical insect flight is based on the flapping-

wing mechanism. It is interesting to find out how fast an 

insect can fly. In this paper, computation fluid dynamics 

(CFD) is employed to solve the flow field involved in the 

flapping-wing flight and to calculate the aerodynamic force. A 

model of hummingbird hawkmoth with Reynolds number 

around 3000 is used in the numerical simulation to find out 

the maximum forward speed this insect can achieve. 

Simulation with prescribed motion is studied to reveal the 

characteristics of the aerodynamic force at different speeds 

and wing plane angles. With the simulation data, the 

maximum speed is estimated with the linear interpolation, 

together with the corresponding wing plane angle. The present 

study offers an accurate and straightforward way to estimate 

the forward maximum speed of flying insect. 
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I. INTRODUCTION 

In recent decades, better understandings of the 

mechanisms of flapping wing flight have been revealed 

by researchers. In early years, quasi-steady theory was 

used to study the lift generation of flapping wing motion 

[1-4]. After that, experimental biomechanics and 

computational fluid dynamics (CFD) become more 

popular and efficient to study the flapping wing flight as 

the technology advances. Experimental technologies such 

as smoke visualization, high-speed camera capturing, 

particle image velocimetry (PIV) and the development of 

micro actuators and controllers have enabled researchers 

to obtain much finer flow details [5-8].Computational 

fluid dynamics (CFD) can provide better accurate 

prediction of force coefficients compared to the quasi-

steady theory, and much easier visualization of the flow 

field at different time steps, which yields insight to the 

physics of the unsteady aerodynamics of flapping flight. 

Numerous computational techniques have been used to 

resolve the flapping wing flight problems and valuable 

results are obtained [9-13].Hovering is the basic flying 

ability for most insects. Such hovering flight has been 

well studied by researchers with various insects. 

Numerical simulation shows that the model insect can 

perform stable hovering with proper wing kinematics 

control [14,15].  In addition to hovering, the insect also 

need to travel and maneuver. Due to the complexity of 

aerodynamic force generated by different wing 

kinematics, free maneuvering flight is usually difficult to 

control.  

 

To perform a certain type of flight, we first need to 

know the aerodynamic force involved so we can maintain 

the flight stability with a properly designed controller. 

Hence, prescribed motion is studied in this paper to find 

out the aerodynamic force generated at different flight 

conditions. Based on that, the maximum speed during 

forward flight is estimated. 

II. METHODOLOGY 

The model insect we used is the hummingbird 

hawkmoth (Macroglossumstellatarum), which is a 

relatively large flying insect with Reynolds number 

around 3000. The insect model and mesh are generated 

with commercial software. Details of the insect 

morphological data is shown in Table 1 according to 

literature [16].  

Table 1. Morphological data of hummingbird hawkmoth 

Parameters Value 

Wing Mean Chord Length  9 mm 

Wing Beating Frequency 65 Hz 

Wing Length 20.2 mm 

Insect Mass 0.2071 g 

The governing equation of fluid flow in insect flapping 

flight problems is the three-dimensional incompressible 

Navier-Stokes equations, in the non-dimensional 

Arbitrary Lagrangian-Eulerian (ALE) form. Above 

equations are solved on a hybrid background Cartesian 

grid nodes and clouds of mesh free grids around the 

insect body and wings. The standard 7-point central finite 

difference scheme is applied at Cartesian nodes that do 

not have meshfree nodes nearby, while the SVD-GFD 

scheme is applied at the meshfree nodes and Cartesian 

nodes with meshfree nodes nearby. A second-order 

implicit projection method, based on a fractional-step 

Crank-Nicolson scheme is applied to solve the ALE form 

NS equations. More details of the flow computation and 

coordinate system can be found in [14] and [15]. 

We focus on the simplest case, i.e., flying forward at a 

fixed wing beating frequency. The wing beating 

frequency for maintaining a stable hovering flight is 

around 65Hz, higher frequency should be adopted to fly 

forward to maintain the lift and to counter the drag. 

Hence, the study will be focusing on the flight at 

frequency of 75Hz. 

The theoretical maximum speed of the insect for a 

specific pitching angle can be approximated as follows. 

The following study tries to find out the speed limitation 

for pitching angle at −40  degree, with respect to the 

normal hovering orientation, Figure 1. Manuscript received: 26 November 2019 
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During the forward flight, the insect needs to adjust the 

wing plane angle accurately so that the total thrust is 

distributed properly to overcome the weight and drag. 

The wing plane angle is denoted as 𝛽 in Figure 1. if it is 

measured with respect to the body, we denoted it as 𝛽𝑟 . 

When the insect is switching from hovering to forward 

accelerating, it tilts the wing sweeping plane forward to 

distribute part of the total thrust in the forward direction. 

In this way, the insect starts to move forward, while the 

wing plane angle should be adjusted carefully to avoid 

excessive or insufficient lift. In addition, as the speed 

varies, the total thrust is also changing, which requires the 

readjustment of the wing plane angle until the insect 

reaches a certain speed where the net force on the insect 

is zero. Hence, prescribed motion is simulated for non-

dimensional speed varies from 1 to 3, and wing plane 

angle (with respect to the body) varies from -30 degree to 

-10 degree, to specify the region of the speed and wing 

plane angle to achieve the desired flight status. 
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Fig 1. Orientation of the insect for current study, viewed 

from global frame. The figure on the left shows the 

orientation at normal hovering. The figure on the right 

shows the orientation during forward flight. 

 

III. RESULTS OF THE PRESCRIBED 

SIMULATION 

The results of the prescribed motion are summarized in 

Table 2 and Table 3. 
Table 2. Non-dimensional longitudinal net force (𝑭𝒚) 

𝛽𝑟  
Speed -10 -20 -30 

1 1.05 
  1.5 0.60 
  2 0.11 0.49 0.78 

2.5 
 

0.012 0.32 

3 
 

-0.50 -0.19 

Table 3. Non-dimensional vertical net force (𝑭𝒛) 

𝛽𝑟  
Speed -10 -20 -30 

1 -0.11 
  

1.5 0.22 
  

2 0.54 -0.050 -0.73 

2.5 
 

0.18 -0.56 

3 
 

0.40 -0.40 

 

To get a clearer observation on how the aerodynamic 

forces vary with the speed and wing plane angle, we plot 

the above results in Figure 2 and 3. In both figures, the 

longitudinal force is plotted with solid lines and the 

vertical force is plotted with dashed lines. Fig 2 shows 

how the forces change with speed; different curves are 

marked by varying wing plane angle. Fig 3 shows how 

the forces change with wing plane angle; different curves 

are marked by varying forward speed. 

 

Fig 2. Aerodynamic force VS velocity 

 

Fig 3. Aerodynamic force VS wing plane angle 

From Figure 2, we can see that good linear relationship 

exists between the force and speed at different wing plane 

angles. As the wing plane angle gets smaller, the curves 

shift from left to right, for both the vertical and 
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longitudinal forces. In addition, the force also varies 

almost linearly with respect to the wing plane angle, 

which is shown by Figure 3. Only when the wing plane 

angle is between -30 degrees and -20 degree that both the 

vertical and longitudinal forces can be zero under the 

same flight condition, where the speed limitation is 

reached. Therefore, the maximum speed is within the 

thick red interval on the x-axis in Figure 2 and can be 

interpolated with the data from the figures. 

 

IV. ESTIMATION OF THE MAXIMUM SPEED 

Assume the longitudinal and vertical forces are functions 

of flight speed and wing plane angle, i.e., 
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From above figures, we can find that  
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The linear interpolation shows that the maximum speed 

for the insect is about 2.6 under the restricted flight 

condition. The wing plane angle is around -22 degree 

with respect to the body and about -62 degree measured 

from the horizontal plane. 

 

V. VERIFICATION 

To verify the quality of the above estimation for the 

maximum speed, we simply need to run the prescribed 

simulation with wing plane angle of -22 degree and 

forward speed 2.6. The simulation shows that the non-

dimensional longitudinal net force is -0.0076 and the non-

dimensional vertical net force is 0.090. Comparing to the 

insect weight, 2.59, the longitudinal force and the vertical 

force are 0.3% and 3.5% respectively. Hence, the fight 

with the estimated speed and wing plane angle is very 

close to the ideal flight status with maximum forward 

speed under the restricted flight condition. In addition, the 

linear interpolation is verified to be a good approach to 

estimate the maximum forward speed. 

VI. CONCLUSION 

This paper conducted a numerical study on the 

maximum forward speed of the hummingbird hawkmoth 

with the wing beating frequency and body pitching angle 

fixed. The aerodynamic force involved in the flight is 

calculated with computational fluid dynamics. Region of 

the ideal flight status is specified with the prescribed 

motion simulation. Linear interpolation from the 

simulation data is applied to estimate the maximum speed 

and the corresponding wing plane angle. At last, the 

linear interpolation is verified to be an accurate approach 

to estimate the maximum forward speed.  
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