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Abstract 

As the basis of flight behavior, the initiation process of insect flight is accompanied by a transition from crawling mode to flight mode, 
and is clearly important and complex. Insects take flight from a vertical surface, which is more difficult than takeoff from a horizontal 
plane, but greatly expands the space of activity and provides us with an excellent bionic model. In this study, the entire process of a but-
terfly alighting from a vertical surface was captured by a high-speed camera system, and the movements of its body and wings were 
accurately measured for the first time. After analyzing the movement of the center of mass, it was found that before initiation, the accel-
eration perpendicular to the wall was much greater than the acceleration parallel to the wall, reflecting the positive effects of the legs 
during the initiation process. However, the angular velocity of the body showed that this process was unstable, and was further destabilized 
as the flight speed increased. Comparing the angles between the body and the vertical direction before and after leaving the wall, a sig-
nificant change in body posture was found, evidencing the action of aerodynamic forces on the body. The movement of the wings was 
further analyzed to obtain the laws of the three Euler angles, thus revealing the locomotory mechanism of the butterfly taking off from the 
vertical surface.  
Keywords: flight initiation, butterfly, vertical surface, body and wing kinematics, speed and stability strategies 
Copyright © Jilin University 2021.  

 

1  Introduction 

The flight of insects includes important processes 
such as initiation, hovering flight, fast forward flight, and 
landing[1,2]. Hover flight and fast forward flight are clas-
sic subjects of insect flight research, and their research is 
relatively sufficient[2–4]. By contrast, fewer studies have 
been conducted regarding the flight initiation phase of 
insects. However, this stage is the first maneuver in the 
whole flight process; therefore, it constitutes the basis of 
flight and directly affects the quality of the insect’s sub-
sequent flight. During a takeoff, insects need to acceler-
ate into the air from stillness, which produces two prob-
lems: (1) Generating enough acceleration to enter the air 
and (2) controlling the body posture to maintain a stable 
flight[5]. For example, in fruit flies, the changes in the 
amplitudes of the wings flapping and body posture can be 
combined into a simple feedback system to control the 
altitude, speed, and heading[6,7]. Therefore, a closer look 
at the wing-beat kinematics should reveal how wing 
motion is adapted to external stimuli, such as those ex-
perienced during disturbances. However, relative to 

hovering or fast forward flight, the instability of insects 
in the takeoff phase is more obvious, and it is extremely 
challenging for observation[8]. 

The current research on the flight initiation process 
of insects is generally related to taking off from hori-
zontal grounds. Flight initiation strategies can be divided 
into two types: takeoff by the action of the legs alone, 
and takeoff by the joint action of wings and legs. Ani-
mals that accelerate from the ground using the force of 
their legs include locusts[9], crickets[10], fruit flies[11], 
leafhopper insects[12] and birds[13,14]. Pond observed the 
takeoff process of a locust and indicated that it first 
jumps into the air with its legs and then begins to flap its 
wings, from the hindfoot tarsus to the ground to start 
flapping, and the time interval is usually about 33 ms[9]. 
And this kind of initiation often occurs during an insect’s 
stimulated escape takeoff. Dickinson and other re-
searchers have found that when flies take off, they first 
fully jump into the air before opening their wings to start 
flapping[11,15]. Sun Mao and others observed the rapid 
takeoff process of bee flies through experiments, and 
they calculated and analyzed the aerodynamic force 
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during takeoff. Overall, they found that bee flies have 
the ability to achieve rapid takeoff by increasing the leg 
force under stimulated conditions[16]. Before an auton-
omous takeoff, the insects can synergize their wings and 
legs. First, the flies open their wings toward the back of 
their back. As the hind legs begin the takeoff, the wings 
simultaneously flap down quickly and the fly becomes 
completely airborne[11,16]. Truong et al.[17] analyzed the 
non-jumping takeoff of a rhinoceros beetle, and ob-
served that takeoff occurred at the end of the third wing 
beat. In a non-jump takeoff process, insects rely more on 
the aerodynamic force generated by wing flapping than 
on the force generated by leg actions. This process is 
slower and more stable than jump takeoff, and the body 
is not largely rotated. 

Unlike takeoff from a horizontal plane, takeoff 
from a vertical surface is accompanied by substantial 
changes in an insect’s body posture. For instance, the 
pitch angle is adjusted as the insect transitions from 
vertical attachment to the wall to a horizontal flight 
attitude. Meanwhile, the yaw angle changes as the insect 
alters its orientation from toward the wall to away from 
the wall. Therefore, takeoff from a vertical surface is not 
as simple as takeoff from a horizontal surface. As ani-
mals that can fly, few birds can attach to vertical walls, 
let alone takeoff from vertical surfaces. But most insects 
with flying ability can accomplish this behavior. As a 
representative of flying insects, the study of butterflies’ 
take-off strategies in the vertical surface provides a ref-
erence for other insects’ flight research[18,19]. The meas-
urement of its kinematic behavior can also be extended 
to other organisms. At the same time, this takeoff strat-
egies also laid the foundation for the amphibious re-
search of the Flapping Micro Aerial Vehicle (FMAV). 

What unique strategies are employed by a butterfly 

taking off from a vertical surface? Do the legs play an 
important role in the flight of butterflies, as observed in 
many other insects? How do butterflies weigh the rela-
tionship between speed and stability throughout the 
takeoff process? Do wings exert an important influence 
on the changing body posture? To verify the above 
conjectures, we observed the takeoff maneuvers of 
Tirumala limniace butterflies. As a typical large-winged 
flapping insect, the aspect ratio of the wings is relatively 
small, even less than 1, and the flapping frequency is low. 
Therefore, the lower flutter frequency and larger wing 
area provide more convenience for observation. In this 
study, four high-speed cameras were used for simulta-
neous shooting to get the kinematic data of the butterfly 
in the whole process. From their body posture, we could 
obtain the necessary centroid displacement and Euler 
angle for figuring out their taking off strategy. Then, 
through an in-depth study of the wing motions, we re-
vealed the main reasons for the flight attitude control. 

2  Materials and methods 

2.1  Preparation  
In all the experiments, we selected Tirumala lim-

niace butterflies taken from a lab colony. After hatching 
the chrysalis with a temperature of 25 ˚C and a humidity 
of about 60%, the adults were fed with honey water for 
four days. We selected 10 individuals for the experiment. 
After the experiment, the morphological parameters of 
these 10 samples were measured, and the measurement 
results are shown in Table 1. According to the morpho-
logical measurements of the samples, average-sized 
wings were chosen for 3D scanning. The separated 
wings were washed with distilled water and were al-
lowed to dry naturally at room temperature of 20 ˚C –  
25 ̊ C and 60% humidity. To reduce the impact of surface  

 
Table 1  Morphological and mass parameters of the wing and body 

Item Value 

Total mass (m) 234.2 ± 1.3 mg 
Wingless weight (m1) 224.7 ± 0.8 mg 

Single wing mass (m2) 0.0095 ± 0.6 mg 

Wingspan (a) 88.18 ± 1.23 mm 

Wing characteristic chord length (b) 32.04 ± 0.78 mm 

Distance between wings roots (c) 4.66 ± 0.32 mm 

Body long axis distance (d) 27.78 ± 0.64 mm 
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Fig. 1  (a) Setup of the kinematic experiment; (b) illustration of the monitored angles. Four cameras operate simultaneously. After data 
processing, the absolute coordinates at any time during the entire takeoff process can be obtained. The yellow dot represents the head, the 
purple dot represents the center of mass, the red dots represent the wing tips, the blue dot represents the butterfly’s tail, and the green dots 
represent the trailing edge. The frame O, x, y, z is fixed on the earth. 
 
reflectivity, color, and curvature characteristics on the 
laser data, an imaging agent (JIP145, Japan) was sprayed 
on the surface of the wing to achieve a coloring effect. 
Because the wing is composed of a free-form surface, 
the developer was applied as thinly as possible to ensure 
uniformity of the coating. After the wings were dried, a 
3D laser scanner (JTscan-MS-50, China) with ±0.01 mm 
sensitivity was used for scanning from the dorsal side to 
the ventral side to obtain the point cloud data of the 
butterfly wing. The reverse engineering software was 
used to delete the noise points and simplify the point 
cloud data, the string deviation method and Gaussian 
filter were used smooth the point cloud data and com-
plete the reconstruction of the butterfly wings. 
 
2.2  High-speed photogrammetry 

To record the entire taking off process of the but-
terflies from vertical walls, each individual was placed 
on a rectangular plate perpendicular to the ground. Fig. 1 
shows a sample of a butterfly laid on a plate that is 
100-mm long and 100-mm wide. The launching plat-
form was surrounded by four high-speed cameras (Prime 
17 W, NaturalPoint, Inc., Corvallis, OR, USA), which 
could provide four different angles of view for the entire 
taking off process. Each camera was sensitive with in-
frared light, so there was no need to use additional light 
supplementary equipment, thus avoiding the impact of 

the light problems on the experiment. The four cameras 
adopt a synchronous trigger connection, and the shoot-
ing frequency was 360 Hz. After the butterfly steadily 
stopped at the plane, the shooting switch was triggered 
to record the entire taking off process from the begin-
ning. 

After obtaining the takeoff sequences by the 
high-speed camera from four angles at the same time, 
some characteristic points of the butterfly body were 
manually tracked: head, tail, center of mass (COM) and 
wings (leading edge, trailing edge). Then, the Direct 
Linear Transformation (DLT) method (Hedrick lab, 
University of North Carolina, USA) was used to obtain 
the coordinates of these feature points at any time of the 
entire process[20,21]. 
 
2.3  Calibration and data processing 

To describe the flying speed and trajectory of the 
butterfly during takeoff, the obtained coordinates by the 
DLT method were considered as inertial coordinates. 
The inertial coordinate system is fixed to the earth, and 
the lower-left corner of the takeoff platform is consid-
ered as the flight base point, which is the origin O of the 
coordinate system. The coordinate axes xg and yg are in 
the horizontal plane, where the axis xg is parallel to the 
takeoff plane, and the axis yg is perpendicular to the xg 
axis and points outward. The axis zg is vertically upward,  
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Fig. 2  Definition of the coordinate systems of the flying butterfly, 
showing the local wing-base-fixed (xʹ,yʹ,zʹ), local 
body-based-fixed (x,y,z) and global earth-fixed (xg, yg, zg) coor-
dinate systems. The origin O′ of the wing-base-fixed coordinate 
system lies at the wing base, with the X-axis normal to the stroke 
plane (the yz plane as defined by Ellington (Liu et al., 1998), 
the Y-axis vertical to the body axis, and the z-direction parallel to 
the stroke plane. 
 
as shown in Fig. 1. The left-wing tip coordinates of the 
butterfly in the inertial reference frame were defined 
as L g1 g1 g1( , , ),D x y z  the right wing tip as 

R g2 g2 g2( , , ),D x y z  the center of mass as g3 g3 g3( , , ),G x y z  
the tail as g4 g4 g4( , , ),E x y z  the left-wing trailing edge as 

L g5 g5 g5( , , ),F x y z  and the right wing trailing edge as 
R g6 g6 g6( , , ).F x y z  As shown in Fig. 1, the front and rear 

wings of the butterfly fit closely together, so their 
movements are basically the same. The front and rear 
wings on the same side can be regarded as a single wing. 
      To describe the butterfly attitude, it is necessary to 
introduce an insect body coordinate system that has the 
same origin as the inertial coordinate system and 
changes with the insect’s movement posture (Fig. 2). 
The X axis is parallel to the radial direction of the insect 
body, the Y axis is perpendicular to the X axis outwards, 
and the Z axis is perpendicular to the plane composed of 
the x and y axes. The wings coordinate system was lo-
cated at the root of the wing (xʹ, yʹ, zʹ). This is a sec-

ondary conversion process. When analyzing the posture 
and behavior of the butterfly body, only the first trans-
formation was used, and the absolute coordinates ob-
tained by the DLT method were transformed into the 
body coordinates: Eq. (1). Where c represent cos, s 
represent sin, yaw pitch roll( , , )    represents the Euler angle 
of the conversion between two coordinate systems. After 
transformation, the coordinates of 6 marker points in the 
body coordinate system are obtained. Then, to analyze 
the movement of the wings, another conversion is 
needed: Eq. (2).  

The movement of the insect wings can be divided 
into three directions: 

(1) The flapping motion along the X axis is defined 
as the flapping angle ( )t ;                          

(2) The swing motion along the Z axis is defined as 
the swing angle ( )t ; and 

(3) The torsional motion along the Y axis is defined 
as the twist angle ( )t . 

3  Results 

3.1  Locomotion behaviors  
Each butterfly was tested 10 times, 5 groups with 

higher quality were selected. We also observed the 
asymmetry of the flapping of the wings, where the but-
terfly did not raise the left and right wings at the same 
time, and the flapping amplitude was also different. In 
our 50 digital takeoff experiments, the butterfly simul-
taneously flapped the left and right wings only four 
times, and in 30 instances, the butterfly began its 
movement by raising the left wing first, and in the re-
maining 16 instances, it began with the right wing. The 
duration of wing opening (interval from the beginning of 
the wing movement to the completion of the entire 
downstroke) was not significantly different between 
right  and left wings  (left: 24  ms ± 3 ms, right;  26 ms ± 
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Fig. 3  Video sequences of the butterfly starting flight. (Only one of the four camera views is shown. The times noted are the separation of 
the body from the wall. The direction of body rotation is marked with a yellow arrow. For the complete video sequences, see the electronic 
supplementary material, movie 1.) 
   
2 ms; P = 0.65, Kruskal-Wallis test). Therefore, we as-
sumed that lifting the left or right wing first is com-
pletely random, and only the individuals that first raised 
the left wing were further analyzed. The key frames 
were extracted from the experimental video, as shown in 
Fig. 3. 

The whole takeoff process can be divided into three 
stages. Firstly, the preparation phase, the butterfly ba-
sically remained stationary on the takeoff plane, while 
the wings remained flat. The leading edge of the wing 
was substantially perpendicular to the trunk axis. Then, 
the initiation phase, the butterfly’s wings start to expand 
from closed (t = −106 ms to t = −69 ms). This process is 
usually not symmetrical, and there are differences in the 
spread of the left and right wings. Of course, due to the 
limitation of the vertical wall, the flapping amplitude of 
the butterfly wing is small at this moment. During the 
upstroke of the first cycle, the middle leg began to ex-

tend (t = −42 ms), gradually lifting the body. Due to the 
asymmetry of the first flutter, during the second cycle, 
the body has a turning process, and at the same time, the 
hind legs were lifted (t = −9 ms). The butterfly gradually 
leaves the wall under the combined action of its wings 
and legs. During this process, the middle legs begin to 
rise during the upstroke phase, and the extension of the 
hind legs continues until the body leaves the wall (as 
shown in Fig. 4). 

Finally, the disengagement phase, after leaving the 
wall, the butterfly would drop a short distance due to the 
insufficient lift in order to maintain its gravity (t = 0 ms 
to t = 36 ms). At the same time, the frequency of flutter 
has increased (see Fig. 5). Subsequently, with the in-
crease in the flapping amplitude in the next few flutters, 
the produced air reaction force allowed it to maintain its 
position in the air, and it then gradually moved away 
from the wall  (t = 54 ms).  After completely leaving the  
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Fig. 4  Timelines of take-off events (N = 11). Each timeline represents an event sequence for an individual butterfly. The black and white 
bands represent the duration of the down stroke and the upstroke respectively, the grey bands represent the duration of the middle leg and 
hind leg extension. 
 
wall, the flapping angle of each wing was greater than 90 
degrees, but the flutter of the left and right wings was 
still not completely symmetrical, so the deviation of the 
amplitude and phase between the two wings led to yaw 
and roll torques. Thus, the butterfly gradually changed 
its direction (t = 101 ms). Later, the flapping frequency 
decreased a little bit and stabilized, and the butterfly 
gradually moved away from the wall (t = 120 ms). 
During the entire takeoff process, the butterfly always 
kept the line from the leading edge to the wing root 
perpendicular to the body axis so as to maintain its 
wingspan at a maximum value, which also makes it 
easier to calculate the wing Euler angle. 
 
3.2  Changes in the body posture during the flight 

initiation 
The relationship between the displacement of the 

center of mass and time of the individuals that raised the 
left wing first was plotted, as shown in Fig. 5a (30 trials 
for 10 individuals). It can be seen that the displacement 
of the butterfly in the X direction was much smaller than 
in the other two directions (Y, Z), reflecting the relatively 
small movement of the butterfly in the lateral direction. 
This shows that the butterfly tries to minimize unnec-
essary movements during takeoff and that its main 
purpose is to keep away from the wall. The Euler angle 
of the butterfly body was plotted, and the maximum, 
minimum, and average three posture angle changes were 
counted. Fig. 6d shows the statistics of the maximum, 
minimum, and average three posture Euler angles of the 
butterfly. It can be seen that the maximum value of the 
butterfly yaw angle (60.34˚ ± 15.65˚) is much larger  
than that of the other two angles, while not much dif-
ferences  were  found  between the pitch and roll angles.  



 
Journal of Bionic Engineering (2021) Vol.18 No.4 

 

846 

 

 
Fig. 5  Average time courses for the (a) (b) (c) translational and (d) (e) (f) rotational kinematic variables. (In (a) (b) (c), the blue lines are the 
mean values for the X-direction, the red lines are the mean values for the Y-direction, and the green lines are the mean values for the 
Z-direction. In (d) (e) (f), the blue lines are the mean values for the yaw angle, the red lines are the mean values for the pitch angle, and the 
green lines are the mean values for the roll angle. The shaded area around the mean shows the standard error. The roll and yaw values for 
the position, velocity, and acceleration have been adjusted as if all the first rolling and yawing motions were to the butterfly’s right.) 
 
This shows that the butterfly’s adjustment of the flight 
direction during takeoff mainly relies on adjusting the 
yaw angle. The changes in the pitch and roll angles can 
also adjust the attitude of the butterfly and thus affect the 
flight direction; however, their impact is not as signifi-
cant as that of the yaw angle. 

By comparing the COM speed in the three direc-
tions, as shown in Fig. 5b, it can be seen that the speed of 
the butterfly at the separation point in the X-axis, Y-axis, 
and Z-axis directions was 

1x
v  = 0.27 m·s−1 ± 0.10 m·s−1, 

1yv = 0.54 m·s−1 ± 0.12 m·s−1, and 
1z

v = 0.32 m·s−1 ±  

0.10 m·s−1. Also, the speed on the initiation plane was 
,x yv v v    arctan( / )yv v  51.98˚. The maximum 

speeds in the three directions were 
1x

v = 0.46 m·s−1 ± 
0.16 m·s−1, 

1yv  = 0.79 m·s−1 ± 0.11 m·s−1, and 
1z

v  = 0.63 
m·s−1 ± 0.06 m·s−1. This shows that the moving tendency 
of the butterfly in the Y-axis and Z-axis directions is still 
greater than that in the X-axis (lateral) direction. 

The acceleration curves in the X-axis, Y-axis, and 
Z-axis directions are shown in Fig. 5c. It can be seen that 
the acceleration in the three directions at the separation 
point   was   

1x
a   =   2.50   m·s−2   ±   2.31   m·s−2,   

1ya   =  
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Fig. 6 Trajectory curves of the center of mass and the left/right wing tip of the butterfly during its wing-flapping motion (two typical 
processes). The red-to-blue gradient indicates the order of the butterfly takeoff. Cubes and balls respectively indicate the movements of the 
left and right wing tips, and tetrahedrons indicate the displacement of the butterfly’s center of mass (COM). 
 
9.61 m·s−2 ± 2.35 m·s−2, and 

1z
a  = 2.20 m·s−2 ±  

0.65 m·s−2, which shows that the butterfly exerted more 
force in the direction perpendicular to the takeoff plane. 
The maximum reached acceleration after takeoff was 

2xa  = 6.33 m·s−2 ± 3.06 m·s−2, 
2ya  = 11.30 m·s−2 ±  

2.54 m·s−2, and 
2za  = 10.21 m·s−2 ± 1.25 m·s−2, so the 

acceleration in the Y-axis direction was essentially equal 
to the acceleration in the Z-axis direction and larger than 
that in the X-axis direction. 

Based on the angular velocity curve of the butterfly 
attitude angle, as shown in Fig. 5e, the maximum angu-
lar velocity of the yaw angle was 1834.29 ˚·s−1 ±  
1205.85 ˚·s−1, the maximum elevation angle was 
−480.45 ̊ ·s−1 ± 193.78 ̊ ·s−1, and the maximum roll angle 
was 449.40 ˚·s−1 ± 294.17 ˚·s−1. The maximum value of 
the yaw angle was much larger than that of the other two, 
which shows that the butterfly produced a positive roll 
action during takeoff. We defined a relative steadiness 
metric S that is a linear transformation of the butterfly’s 
angular speed[16]: 

max1 / ,S                                  (3) 

where   is the vector sum of the angular velocity 
about all the three body axes, and max  is the largest 
angular speed observed in our experiments,  
1893.97 ˚·s−1. When S = 1, the butterfly flight was in  
a stable state with an angular speed of 0 ˚·s−1. The but-
terfly flight was more unstable with the smaller values  
of S. 

3.3 Changes in the butterfly attitude angle during 
takeoff 
To quantitatively describe the wings movement, the 

wing tip trajectory needed to be obtained. In the ex-
periment, we tracked and captured the changes in the 
wing tip and the center of mass during initiation. Con-
nected with a line, the wings trajectory can intuitively be 
observed. As shown in Fig. 6, it can be seen that the X-Z 
plane is the initiation plane, as the butterfly took off from 
the lower right corner of the image and moved toward 
the upper left corner. By comparing the left and right 
wingtip trajectories, we could find that their amplitudes 
are quite different. This is closely related to the insta-
bility of the butterfly takeoff process. 

Through the conversion and calculation of the mo-
tion coordinate system, the flapping angle ( ),t  twist 
angle ( ),t  and swing angle ( )t  during takeoff could 
be obtained, respectively. Low-pass filtering was per-
formed on the original data using fast Fourier transform 
with a cutoff frequency of 45 Hz. Fig. 7 shows the Euler 
angles of the left and right wings. 

Unlike the situation in which the butterfly was in a 
stable flight state, the Euler angles of the wing greatly 
changed during initiation. We defined a cycle for the 
wings from overlapped to unfolded, and then overlapped 
after the downstroke and upstroke. It can be deduced that 
the butterfly completed the initiation process in 2 – 3 
cycles. As shown in Fig. 7a, by comparing the phases of 
the  three  Euler angles,  it can be deduced  that  the phase  
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Fig. 7  Time histories of the average wing-flapping motion. (The blue lines are the mean values for the flapping angle, the green lines are 
the mean values for the torsion angle, and the red lines are the mean values for the swing angle. The shaded area around the mean values 
shows the standard error, the gray bars represent the upstroke.) 
 
difference between the ( )t  and ( )t  was small and 
that the maximum difference was only 0.009 s. However, 
the phase in ( )t  was basically half a cycle from the 
other two angles. 

After comparing the Euler angles of the left and 
right wings, respectively, as shown in Fig. 8, it can be 
found that at the beginning of the takeoff phase, the 
phases of ( )t  and ( )t  for the left and right wings 
were not exactly the same. However, at the later stage of 
the takeoff phase, the phases of the two wings were 
gradually consistent. At the beginning of the takeoff 
phase, the amplitudes of ( )t  and ( )t  were small. As 
the butterfly left the plane, the amplitudes of the two 
angles significantly increased, but the amplitudes of 

( )t  decreased. Moreover, the change range of the Eu-
ler angle of the left and right wings was also different. 
This is particularly evident in the flapping angle. The 
amplitude of the right wing was significantly larger than 
that of the left wing. 

Having analyzed the curve of the wing’s motion 
parameters with time, the Fourier series were chosen to 
describe it. A fitting function of order 4 or higher is 
considered to ensure the accuracy and the following 
equation is obtained: 
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where K represents the attenuation frequency, f repre-
sents the flapping frequency, c represents the chord 
length of the wing, U represents the relative speed of the 
wing tip,  represents the flapping amplitude of the 
wings. cn , sn , cn , sn , cn and sn were obtained by 
solving a matrix equation. Through the above equation, 
the wing’s motion state can be completely determined. 
Also we can get the changes of the average stroke angle 
Φ and the stroke amplitude angle Φ during takeoff. 
They are defined by max min( )Φ      
and max min( ) / 2Φ    , where max  and min  are the 
maximum and minimum values of the Engle angle, re-
spectively. 
 

3.4  Aerodynamics of butterfly wings during takeoff 

In this chapter, the reconstructed butterfly wing 
model is moved with the motion function (Eqs. (4) – (6)), 
and the velocity  vectors  on the  flapping plane and the 
absolute iso-vorticity surfaces around the butterfly  
wing (as shown in Fig. 9) are obtained. The influence of 
the flow field around the butterfly wings is comprehen-
sively  considered  combining  the  two-dimensional  and 
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Fig. 8  Time histories of the average wing-flapping motion (The blue lines are the mean values for the left wing, and the red lines are the 
mean values for the right wing. The shaded area around the mean shows the standard error, and the gray bars represent the upstroke.) 
 
three-dimensional flow conditions on the take-off pro-
cess. 

As shown in Fig. 9a, the butterfly wing is at the 
beginning of the upstroke, and ring-shaped vortex 
structures which are produced by the last downstroke 
appear near the upper wing surfaces of the left and right 
wings respectively. Due to the asymmetric flapping of 
the left and right wings, the starting vortex generated is 
asymmetrical, and the degree of Trailing-Edge Vortex 
(TEV) separation near the right wing is significantly 
higher than the left wing. Also, since the starting vortex 
balances the circulation of the bound vortex, the air in 
the vortex ring produces a downward impulse, forming a 
low pressure area. Due to the Wagner effect, the 
half-period starting vortex and stopping vortex have the 
same meaning, the lift cycle is generated, and the lift 
gradually increases[22]. 

In the upstroke process, as shown in Fig. 9b, the 
flapping velocity of both left and right wing gradually 
increases, and the phase tends to be symmetrical. The 
vortex ring generated by the last downstroke gradually 
becomes weaken, and a horseshoe-shaped vortex in-
cluding a Leading Edge Vortex (LEV), a wingtip vortex 
(TV) and a TEV appears near the lower wing surface 
again[23]. With the flapping process of the wing, the size 
of LEV and TEV gradually increases, as shown in  
Figs. 9c and 9d. Meanwhile, the LEV gradually moves 
towards the wing tip, and the intensity of TV gradually 
increases. As the upstroke angle increased, the LEV is 
limited to a narrow area near the wing tip, consequently, 
the lift decreased beyond the peak, while TV and TEV 
gradually expand to the tailing edge. At the 

mid-upstroke, the ring-shaped vortex generated by the 
last flapping gradually detaches. However, the velocity 
of the wing gradually decreased, increasing the pressure 
at the lower surface of the wing plane and slowing the 
lift decline. Despite the low wing speed, the lift was 
maintained by coupling of the non-stationary vortices, 
skipping the gradual rise and fall of lift caused by the 
Wagner effect. 

Fig. 9e shows the transition of wings from upstroke 
to downstroke. Among them, the butterfly wings expe-
rienced a complete overlap to open. As the gap between 
the two wings increased rapidly, a large amount of air 
flow poured in. The LEV and the TEV appear from the 
wing root to the leading edge and the trailing edge re-
spectively, whose directions are from the lower surface 
of the wing to the upper surface. A ring-shaped vortex is 
gradually formed on the edge of the butterfly wing. 
However, due to the close distance between the two 
wings, the ring-shaped vortex structure is seriously 
coupled in the first half of the downstroke. 

As shown in Figs. 9f and 9g, the structure of the 
ring-shaped vortex produced during the downstroke 
resembles the wake during the upstroke, but the scale is 
larger than that. When the wing reaches the horizontal 
position, the spiral vortex formed by the LEV and TV 
reaches the maximum scale. This unstable vortex 
maintains stability so that excessively large unsteady 
vortices  will  not  be fall off from the wing surface. The 
coupling effect of the unsteady vortex on the left and 
right wings also leads to the formation of a negative 
pressure zone on the upper surface, which helps the 
butterfly to produce high lift during the downstroke. 
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Fig. 9  The flow structures around the butterfly wing during takeoff (velocity vectors and absolute iso-vorticity surfaces). 

 
As shown in Fig. 9h, the butterfly has completed 

one  cycle  flapping,  and  enters  the next period process. 
The LEV appeared in the downstroke gradually breaks 

and transforms from a 2D structure to a 3D structure. 
The TV gradually became unstable. The ring-shaped 
vortex formed with  the TEV gradually developed to the  
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Fig. 10 Takeoff angle and Steadiness metric S during initiation. 
The black dotted line is the dividing point where the butterfly 
leaves the vertical surface. The green dotted line is the general 
takeoff angle of an insect from a horizontal plane. 
 
tailing edge and finally separated from the wing surface. 

4  Discussion 

As there is very little research on insect takeoff 
from vertical surfaces, the observed process will be 
compared with insect takeoff from horizontal surfaces. 
The butterfly altered its posture, and the movements of 
its wings and legs were intuitively revealed during 
takeoff. From previous studies, it is known that butter-
flies cannot complete the takeoff process through 
wing-flapping or leg actions alone[24]. Therefore, but-
terfly flight must be initiated through synergy of the legs 
and wings. By analyzing the kinematics of the center of 
mass and changes in posture angle of the body, we 
quantified the relationship between the speed and sta-
bility of the flight. Finally, we refined the kinematics of 
the wings and studied the effects of asymmetric flapping 
on the butterfly’s flight performance. 
 
4.1  The initiation posture on the vertical surface 

Four high-speed cameras simultaneously tracked 
the butterfly’s takeoff process on the vertical wall, and 
the movement sequence of the butterfly’s wings and legs 
could be clearly observed. For most of the individuals, 
the butterfly first raised its wings to flutter when taking 
off. After completing a complete cycle, the legs were 
stretched to raise the trunk. Then with the second cycle 
of the wings, the four supporting legs left the wall in 
turn. 

This takeoff strategy is relatively common in 
winged insect initiation. For example, the fruit 
fly Drosophila melanogaster, which has voluntary flight 
initiations, has at least two different stages of flight ini-
tiation: Wing raising and subsequently leg extension[25]. 
In a study concerning the flight initiation of other but-
terflies, such as the cabbage butterfly Pieris rapae, they 
also completed the wings lifting first. Then, the hind and 
middle legs extended in sequence with the body to begin 
moving upwards, and the wing downstroke occurred 
much later[24]. It should be noted that the leg strength of 
the butterfly is not strong, and it is basically impossible 
to complete the initiation process by solely depending on 
the action of the legs, such as in the case with the 
planthopper Proutista moesta[26] or the locusta 
Schistocerca gregaria[9]. The takeoff process of the 
butterfly is a combination of the actions of the leg and 
the wings. 
 
4.2  Body kinematics 

After comparing the speed of the butterfly in the x, 
y, and z directions, the takeoff angle at the separating 
point can be calculated to analyze the moment direction. 
The smaller the angle, the closer to the surface, other-
wise, the greater the trend is away from the surface. The 
takeoff angle is defined by the ratio of the speed per-
pendicular to the surface to the speed parallel to the 
surface during the initiation of the butterfly. The speed 
of the whole process is analyzed, then the curve of the 
takeoff angle with time is made, as shown in the Fig. 10. 

It can be found that the butterfly’s takeoff angle 
reached 51.98˚ at the separation point, while insects 
taking off from the horizontal plane have a takeoff angle 
close to 45˚. This reflects that the butterfly has a greater 
speed in the vertical surface direction during the takeoff 
process, which could be inferred that the force perpen-
dicular to the surface is greater during the initiation 
process. After leaving the surface (t = 0.1s – 0.2s), the 
direction angle fluctuates between 45˚ – 55˚. The veloc-
ity in the vertical direction is still greater than in the 
horizontal direction. This reflects that the butterfly still 
has an obvious tendency to stay away from the wall. 
After the flight state gradually stabilizes (t > 0.2s), the 
angle with the horizontal plane is about 45˚, which 
maximizes the horizontal distance such as in the case 
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with flies[14,27]. 
As for the acceleration of the center of mass, for the 

separation point, the acceleration in the y direction is 
much greater than that in the other two directions. 
Namely, the acting force perpendicular to the wall sur-
face is more significant than the other forces. For insects 
such as P. rapae, which have more developed leg mus-
cles, revealing the leg force values close to the eight 
times reported for locusts during jumping maneu-
vers[9,28]. For birds, such as the pigeon Columbia livia, 
the hindlimbs have proven to contribute up to 25% of the 
total velocity during takeoff[27], 93% with the finch, and 
95% with the dove[29]. Therefore, it can be concluded 
that a large part of this perpendicular force to the wall 
surface is generated by the reaction force of the legs 
against the wall surface. 

By comparing the takeoff speeds of butterflies and 
planthoppers, we could find that the butterfly takeoff 
speed is greater than that of the rice planthopper only 
with wings and less than that with legs. This also indi-
rectly proves that butterfly initiation is a process of 
wings and legs acting together. By comparing the ac-
celerations of the butterfly and other insects, we could 
find that the acceleration of the butterfly is only 1/4 and 
1/7 of that of the fruit fly in the vertical and horizontal 
directions, respectively. The takeoff time of fruit flies is 
also much shorter than that of butterflies. It takes only 
about 30 ms for a fruit fly to complete an entire takeoff 
process, while the butterfly takes about 270 ms. 

As for the Euler angle of the butterfly body, it can 
be found that the yaw angle of the butterfly most drastic 
changes during takeoff. Moreover, after a statistical 
analysis of the angle change, it can be found that there is 
a coupling relationship between the three Euler angles 
change, which is related to the complexity of the but-
terfly takeoff process. This is common with the flight of 
the dragonfly, where the three Euler angles of the ma-
neuver flight are changed to varying degrees. While 
flying forward, only the pitch angle significantly 
changed[30]. When analyzing the angular velocity of the 
butterfly, the stability metric S was introduced. Plotting 
the trend graph of stability S over time, it can be found 
that as time increases, the fluctuation of stability gradu-
ally increases (Fig. 10). In the preparation phase (t = 0 s 
– 0.1 s), S fluctuates around 0.6 – 0.8. After takeoff, the 

stability decreased, which was manifested as the in-
crease in the fluctuation of S. At t = 0.18 s, the angular 
velocity of flight reaches the extreme value and the sta-
bility is minimized. But after that, the stability still 
fluctuates sharply between 0.2 – 1.0. This reflects that 
the butterfly’s initiation in the vertical plane is an un-
stable process, and the stability further decreases with 
time. By comparing the initiation process of fruit flies 
and butterflies, we could find that the butterfly’s state at 
initiation is between the fruit flies voluntary initiation (S 
= 0.86) and escaping (S = 0.55). After leaving the ground, 
the angular velocity reaches its peak value, and the sta-
bility further decreases[31]. 

 
4.3  Wing kinematics 

After calculating the Euler angle of butterfly wings, 
it was found that the phases of the flapping angle and 
swing angle are basically the same, which are 180 de-
grees different from the twist angle. This is also very 
common in other flying insects, such as droneflies[32] 
and bamboo weevils[33]. 

By comparing the Euler angles of the left and right 
wings, we could find a difference in the phase and am-
plitude, so the changes on both sides were not consistent. 
By listing the Φ in four cycles, as shown in Table 2, you 
can find that the amplitude of (t) gradually increases 
with time, from 13.13˚ (left) and 19.95˚ (right) to 70.72˚ 
(left) and 115.67˚ (right). The initial amplitude of (t) is 
close to that of (t), but after increasing to about 90˚, it 
begins to gradually decrease, and it then finally de-
creases to about 55˚ (58.57˚ (left) and 54.16˚ (right)). 
The (t) belongs to a steady rise process whose ampli-
tude increase is relatively small (45.29˚ (left) and 45.26˚ 
(right) to 58.68˚ (left) and 92.03˚ (right)). 
       The change trend of the Φ  is more obvious (Table 
3): the average position of the flapping angle and the 
swing angle both have a clear upward trend, and the 
mean stroke angle of (t) is respectively −56.97˚ (left) 
and −6.7˚ (right), ascending to −25.82˚ (left) and 41.20˚ 
(right). The (t) from −44.02˚ (left) and −68.79 (right) 
up to −19.30˚ (left) and −4.75˚ (right). The mean stroke 
angle of (t) has a downward trend from 23.24˚ (left) 
and 12.10˚ (right) to −21.34˚ (left) and −29.45˚ (right). 

We could also obtain the asymmetry of the left and 
right flapping from the Φ  and Φ , and it was found that  
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Table 2  Stroke amplitude of the Euler angle 

Stroke  
amplitude(˚) L(t) R(t) L(t) R(t) L(t) R(t) 

Period 1 13.14 (7.75) 19.95 (7.18) 2.14 (11.05) 6.62 (12.28) 45.28 (9.12) 45.26 (9.94) 

Period 2 76.63 (13.19) 69.43 (13.96) 93.12 (15.74) 82.58 (14.26) 60.28 (9.42) 74.52 (11.99) 

Period 3 74.27 (8.58) 69.34 (9.18) 76.75 (19.62) 64.80 (17.70) 42.25 (13.15) 33.86 (7.95) 

Period 4 70.72 (5.94) 115.67 (15.82) 58.57 (21.10) 54.16 (20.83) 58.68 (16.24) 92.03 (12.43)

 
Table 3  Mean stroke angle of the Euler angle 

Mean stroke  
angle (˚) L(t) R(t) L(t) R(t) L(t) R(t) 

Period 1 −56.97 (9.62) −6.74 (11.07) 23.25 (11.45) 12.10 (14.29) −44.03 (8.69) −68.79 (11.13) 

Period 2 −25.22 (12.82) 17.99 (13.33) −22.24 (14.85) −25.88 (12.94) −36.53 (9.15) −54.16 (12.59) 

Period 3 −24.05 (13.24) 18.04 (12.35) −30.43 (17.89) −34.77 (16.11) −27.52 (12.86) −33.83 (13.21) 

Period 4 −25.82 (7.87) 41.20 (13.61) −21.34 (22.87) −29.45 (21.07) −19.30 (9.23) −4.75 (12.24) 

 

 
Fig. 11  Time courses of the vertical (lift; a), the horizontal (drag and thrust; b) and sideslip (c) forces over two flapping cycle, the gray bars 
represent the upstroke 
 
butterflies usually generate an unbalanced force that 
leads to a significant roll after takeoff. The asymmetry of 
the wings also takes place in the initiation of the fruit 
flies. Of the 16 individuals that Dickson conducted the 
experiments with, only three wings were raised at the 
same time, while eight raised the left wing first, and the 
other five raised the right wing first. Alexander also 
found that when the dragonfly makes a turn, the flapping 
angle of the left wing is about 40 degrees and that of the 
right wing is only 10 – 20 degrees[34]. 

Sun Mao observed the takeoff of a dronefly and 
found that its mean stroke angle remained essentially the 
same[35]. The phase of the Euler angles on the left and 
right wings was also basically the same. Moreover, the 
dronefly experienced 10 – 14 cycles from the beginning 
of flapping its wings to takeoff, and its takeoff acceler-
ation (4 m·s−2) was also smaller than that of the butterfly 
(14.77 m·s−2). Therefore, the takeoff process should be 
more stable. The initiation speed and stability always 
form a pair of opposing physical quantities. When 

learning and imitating the takeoff strategy of insects, we 
need to weigh the two quantities to obtain the best 
takeoff method. 

 
4.4  The mechanism of the flow field during takeoff 

The CFD analysis of the butterfly wing shows that a 
relatively stable vortex structure will be formed on the 
surface of the butterfly wing when upstroke and down-
stroke. The staying of the LEV on the wing surface is an 
important mechanism for the butterfly’s lift. This un-
steady lift mechanism makes the vertical force basically 
positive throughout the flapping cycle (Fig. 11a). The 
reason why the LEV maintains stability may be related 
to  the axial flow  caused by  the  pressure gradient at the 
core of the LEV[36–39]. To verify this hypothesis, Fig. 12 
shows the pressure gradient contours on the surface of 
the butterfly wing at the mid-upstroke. It can be ob-
served that there is a significant pressure distribution on 
the wing surface, which is likely to cause the vorticity 
transport on the wing surface to maintain the stability of 
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Fig. 12  Pressure gradient contours on the wings of a butterfly at 
mid-upstroke. The black arrows represent the core and direction 
of the spanwise pressure gradient on the wing surfaces. 
 
the LEV. Of course, by simulating the entire flapping 
cycle of the butterfly, it can be found that the LEV will 
break down in the middle and late stages of the upstroke 
and downstroke, then a new vortex will be generated, 
which also leads to the fall back of the lift. 

Meanwhile, due to the formation of the Clapping 
fling mechanism, there is a coupling phenomenon be-
tween the left and right wings, which greatly improves 
the air flow on the upper surface. A large area of low 
pressure appears in the first half of the downstroke, 
which results in a higher lift peak at the downstroke than 
at the upstroke. For hawkmoths and hummingbirds[38–40], 
downstroke is also the main source of lift (hawkmoth: 
30% – 40% for upstroke, 60% – 70% for downstroke; 
hummingbird: 25% for upstroke, 75% for downstroke). 
However, for fruit flies[41], the lift force generated in the 
upstroke is greater for the LEV does not break during the 
whole flapping cycle. 

In the previous section, we have found that the 
movement of the left and right wings of the butterfly 
during the takeoff process is asymmetric. This asym-
metry causes its body to turn during takeoff. As shown in 
Fig. 11c, the sideslip force curve is integrated and av-
eraged. It is found that the average sideslip force during 
takeoff is 0.004 N, indicating the overall direction is to 
the right, which is consistent with the actual situation. In 
addition, comparing the horizontal force and the sideslip 
force (Figs. 11b and 11c), it can be found that the trends 
of the two curves are similar, which shows that the 
asymmetric flapping of the left and right wings not only 
affects the changes in the sideslip force, but also affects 
the changes in the thrust and drag. Therefore, the 

asymmetric flapping of the butterfly wings produces two 
effects: One is to change the direction of movement, and 
the other is to accelerate away from the vertical surface. 

5  Conclusion 

Insect flight is an efficient movement, and is widely 
mimicked in the design of micro-aircraft. Flight initia-
tion from a vertical surface can undoubtedly expand the 
working space and application range of aircraft. How-
ever, this unique movement mode of insects has been 
little investigated, and our knowledge is very limited. 
This article carefully observed and quantified the but-
terfly’s takeoff behavior from a vertical surface. The 
accurately obtained kinematics data will provide valua-
ble experience for future study of insect takeoff strate-
gies. These unique strategies can be also promoted and 
applied to amphibious FMAV, which can help achieve 
the purpose of taking off from vertical walls and entering 
the air more stably and quickly. 
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