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Abstract 

In this paper, we develop a butterfly-style flapping robot 
that has different timings between down and up strokes, 
which are based on a stroke cycle of a butterfly. A 
butterfly flies upward during the down stroke and 
forward during the upstroke using posture control; this 
trajectory resembles a staircase pattern. One of the 
causes of these flight characteristics is the ratio between 
the time periods of the down and up strokes. We 
developed a mechanism to mimic this stroke cycle that 
is based on a quick-return mechanism and validated it 
via motion analysis and numerical simulation. The 
results indicate that this quick-return mechanism is 
useful for a flapping robot that needs simplicity to 
achieve a minimal payload for flight. Furthermore, the 
ratio of the strokes affected both the body pitch angle 
and trajectory during the flight. 
Keywords: flapping robot, down stroke time, up stroke 
time, body pitch angle 
 

1 Introduction 
In recent years, flying robots such as multi-rotor 

helicopters have been actively developed for practical 
applications [1 - 4]. Although, the size of these common 
flying robots ranges from several tens of centimeters to 
a few meters, it is desirable that the size of the robots 
decreases so as to let it pass through narrow spaces. 
From this viewpoint, flapping robots modeled after 
small bird such as humming-birds [5, 6] or insect such 
as flies [7-10] have been developed. However, these 
robots have not achieved practical flight because it is 
difficult to implement a battery, complex link 
mechanisms, and actuators that drive wings and control 
postures within such a small body. One of the problems 
to overcome is the method of posture control. Although 
insects control their posture during flight by flapping, 
lead-lag, and feathering of the wings, it is difficult to 
actualize these motions in insect-scale robots as 
described above. Therefore, constructing a posture 
control system in a simple and lightweight manner is 
necessary to achieve practical flight in small flapping 
robots. 

To overcome such challenges, we have developed a 
small flapping robot modeled after a butterfly that has a 
low flapping frequency of approximately 10Hz and a 
few degrees of freedom of the wings [11]. The flapping 

robot is similar in size to that of a butterfly, i.e., its 
wingspan is almost 100mm, wing chord length is 45mm, 
and total mass, including an actuator, is less than 500mg. 
Our flapping robot has a large flapping angle of 80deg 
to -60deg and a mechanism that realizes both flapping 
and lead-lag motion by an actuator. These allow the 
flapping robot to take off from an airspeed of 0m/s and 
fly upward during the down stroke and then forward 
during the up stroke, which occurs in a staircase pattern 
that mimics the flight trajectory of a butterfly. 
Furthermore, we investigated the flight characteristics 
of different flapping and initial body pitch angles for 
posture control by performing hardware experiments 
and numerical simulations [12]. We then shed light on 
the difference in the timing between the down strokes 
and up strokes in a flapping butterfly. Specifically, it is 
thought that the ratio between the timings of the down 
and up strokes affects the posture control of a butterfly. 

This paper is organized as follows: In section 2, we 
describe a butterfly-style flapping robot with a 
mechanism to generate a difference between the down 
and up stroke times. In section 3, we demonstrate the 
stroke mechanism by physical experiments. In section 4, 
we analyze the flight characteristics for different ratios 
of the down and up strokes via numerical simulations. 
Finally, in section 5, we conclude the paper and outline 
future work. 
 

2 Butterfly-style flapping robot 
2.1 Flight characteristics of a butterfly 

Figure 1 shows a swallowtail butterfly (Papilio 
xuthus) as a model for a flapping robot and a typical 
takeoff motion captured by high-speed camera 
(DITECT Co., Ltd.). The red line in Fig. 1 denotes the 
trajectory of the center of the thorax. To investigate the 
flight characteristics of a butterfly, we focus on the 
relationship between flapping and body pitch angles. 
Definitions of these angles are shown in Fig. 2. 

Figure 3 shows the flapping and body pitch angles 
during takeoff. The flapping frequency was 
approximately 10Hz, and the time of the down stroke 
was 65ms and that of the up stroke was 40ms. This 
shows that the ratio between down and up strokes is 
approximately 1.5. Furthermore, the body pitch angle 
increased after the flapping angle reached 0deg during 



the down stroke and then decreased after the flapping 
angle reached 0deg during the up stroke. Thus, this is 
why it is hypothesized that controlling the ratio of the 
strokes cycles makes it possible to change body pitch 
angle that affects its posture. 

 
 

 

Fig. 1 Butterfly as a model (left) and an example of 
successive picture during takeoff (right) 
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Fig. 2 Definition of butterfly model parameters 

 
 
 

 

Fig. 3 An example of flapping and body pitch angles 
during takeoff of a butterfly 

 

2.2 Flapping mechanism for different stroke ratio 

In order to generate the difference between down 
and up stroke times, we made a simple quick-return 
mechanism as shown in Fig. 4. This mechanism is 
constructed of three links. Link 1 rotates at a constant 
frequency and link 3 swings up and down. The time of 
these up and down motion depends on the angle 
between link 1 and link 2, i.e., the ratio of α to β in Fig. 
4. For example, if the ratio of α to β is 1/2 and the 
rotational direction of link 1 is clock-wise, the ratio 
between up and down stroke times of link 3 is 1/2. 
 
 

 
 

Fig. 4 Quick return mechanism for butterfly model 
 
 

 

Fig. 5 Manufactured flapping robot without battery 
 
 



2.3 Development of a flapping robot 

We developed the butterfly-style flapping robot 
based on our prior robot [11]. The robot as shown in Fig. 
5 is constructed of CFRP (carbon fiber reinforced 
plastic) in order to be lightweight and have high rigidity, 
and is equipped with a 4mm coreless motor. The wing 
membranes are 2 micrometer thick films made of 
polyethylene. The quick return mechanism consists of a 
spur gear (module 0.2) and a lower body. Link 1 
corresponds to the length between center of spur gear 
and pin in Fig. 4, and link 3 corresponds to the lower 
body. The swing motion of the lower body generates 
flexural deformation of the elastic links. This 
deformation generates a flapping motion of the wings. 
We adopted viewgraphs for these elastic links because it 
has moderate elasticity and ready availability. The 
amount of flexure of an elastic link depends on the 
amount of swing movement of the lower body; the 
details have been previously documented [11]. The 
wingspan and wing chord length are 114mm and 44mm, 
respectively. The robot has a total mass of 1.6g, which 
includes a Li-Po battery (3.7V, 30mAh). The ratio 
between down and up stroke times was set to 1.5 based 
on the above analysis of a butterfly. 
 

3 Experiments of flapping mechanism 
To demonstrate the capability of the mechanism to 

generate different down and up stroke times, we 
analyzed the flapping motion of the robot by high-speed 
camera (1280 × 1024pixels and 1000fps, DITECT Co., 
Ltd.). In this experiment, the robot was fixed on a 
support pole to deaden the vibrations of the body by its 
flapping wings. 

Figure 6 displays stroboscopic images of the robot 
during a stroke. The down stroke was from 0 to 49ms 
and the up stroke was from 49 to 83ms. The flapping 
angle is shown in Fig. 7 for two stroke cycles. Although 
the amplitude of both down and up stroke angles were 
low compared with a butterfly, the ratio between down 
and up strokes is similar to that of a butterfly. This result 
showed that this quick-return mechanism could be 
effective for butterfly-style flapping robots. 
 
 

 
Fig. 6 Stroboscopic photographs of a development 

robot captured during one stroke cycle 

 
Fig. 7 Flapping angle of a butterfly robot during two 

stroke cycles 
 
 

4 Numerical simulations for flight 
characteristics 

4.1 Simulation models 

To clarify the flight characteristics for different 
ratios of down and up strokes of a butterfly, we 
performed numerical simulations, and Fig. 8 outlines 
the simulation model. The body consists of four mass 
points that are connected by springs and dampers, which 
are the head, thorax 1, thorax 2, and abdomen. Both 
right and left wings have their respective fore and hind 
wings integrated for synchronous movement. Each of 
masses and lengths is calculated by observed value of 
butterflies. The coefficients of each springs and dampers 
are set by qualitative estimate of the motion of 
butterflies. The finite element method was used to 
calculate the body and wing motions and flow fields 
around the wings; the details have been previously 
documented [13]. This simulation model is possible to 
analyze flight characteristics of a butterfly, such as 
flight trajectory and shift in posture during a flight. 

 
 

 
Fig. 8 Butterfly robot simulation model 

 

4.2 Setting parameters 

In this study, to clarify the relationship between the 
ratio of down and up stroke times and body pitch angle, 
we used three models. The ratios between down and up 
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strokes of models A, B, and C are 1.5, 1.0, and 0.67, 
respectively. Each model has flapping angles of 70deg 
to -60deg, an initial body pitch angle of 0deg, and a 
flapping frequency of 12Hz. The wingspan and the wing 
chord length of each model are 118mm and 45mm, and 
the total mass of each model, including an actuator, is 
500mg, which is equivalent to that of a butterfly. Table 
1 shows these experimental parameters. 
 

Table 1 Butterfly robot simulation parameters 
 Model A Model B Model C

Flapping 
angle [deg] 70 to -60 70 to -60 70 to -60

Flapping 
frequency 
[Hz] 

12 12 12 

Down/Up 
stroke cycle 
ratio 

1.5 1.0 0.67 

 
 

4.3 Results and discussion 

Figure 9, 10, and 11 show comparisons of flapping 
and body pitch angles of models A, B, and C, 
respectively. Figure 12 shows a comparison of the 
trajectories of the center of masses of the three models. 

There was tendency that body pitch angle 
increased during the down stroke and decreased during 
the up stroke in each model. However, the body pitch 
angles of models A and B showed a general increasing 
tendency, and in contrast to this, Model C showed a 
decreasing tendency. Now, we will focus on the end of 
the first and second strokes. The body pitch angle of 
Model A (12.3deg and 71.7deg) were both larger than 
that of models B (6.6deg and 43.4deg) and C (-5.4deg 
and -34.1deg). In case of model C, it was a negative 
value, i.e., the posture of Model C is in a nose down 
condition. In fact, when the ratio was high the nose up 
movement became larger than the nose down movement 
during a cycle. In contrast to this, when the ratio was 
low, the nose down movement became larger than the 
nose up movement during a cycle. It can be see that 
Model A is flying upward the end of the second stroke, 
and Model C is flying downward at the end of the 
second stroke, shown in Fig. 12. We now focus on the 
soar height of the first down stroke for each model. 
Model C flew higher than models A and B. The 
maximum height during the first stroke of models A, B, 
and C were 24.6, 32.3, and 41.3mm, respectively. This 
shows that the lower the ratio between down and up 
stroke times became the higher the flapping robot flew. 
This is due to the reaction force of the wings becoming 
larger in proportion to the flapping speed. In case of 
Model C, the flying distance during the down stroke 
was longer than that of models A and B. In contrast to 
this, the flying distance of Model A during the up stroke 
was longer than that of models B and C. 

To verify the reaction force on the wings, we 
fabricated a robot of Model C, and investigated the 
stress distribution in its wing by using a polarized 
high-speed camera (1024 × 1024pixels and 1000fps, 
PHOTRON LIMITED). This camera is possible to 

measure birefringence by polarized light and analyze 
stress distribution [14]. Note that, in this experiment, the 
fore and hind wings were integrated as in the numerical 
simulation. 

Figure 13 shows the stress distribution in the right 
wing at the moment of almost 0deg during both down 
and up strokes. The color is a heat map that represents 
the amount of stress on the wings, i.e., red denotes 
higher and blue denotes lower stress. This shows that 
the stress during the down stroke was higher throughout 
the whole of the wing compared with that during the up 
stroke. This is because the flapping speed of the down 
stroke was faster than that of the up stroke in Model C. 
Therefore, this increased stress is consistent with more 
reaction force during the down stroke and is why Model 
C flew higher during down stroke compare with models 
A and B. These results showed that it is possible to 
control body pitch angle and flying height by changing 
the ratio between down and up strokes times for a 
butterfly-style flapping robot. Furthermore, since the 
elastic deformation of the wing affects generation of the 
lift for flapping movement, we consider that the stress 
distribution of the wing is important to design of the 
wing of a robot. Therefore, in future works, we will 
clarify this effect for flight characteristics and validate it 
by performing experiments of the robots. We will 
change the stress distribution of its wings by varying 
configurations and thickness of wing veins. 
 

 
Fig. 9 Relationship between flapping and body pitch 

angles during takeoff of Model A 
 

 
Fig. 10 Relationship between flapping and body 

pitch angles during takeoff of Model B 
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Fig. 11 Relationship between flapping and body pitch 

angles during takeoff of Model C 
 
 

 
Fig. 12 Transitions of center of mass of models A, B, 

and C during takeoff (direction of movement 
is negative direction of x-axis based on Fig. 8) 

 
 

 
Fig. 13 An example of stress distribution in a right 

wing of Model C (flapping angle is around 0 
deg) captured by polarized high-speed camera 

 
 

5 Conclusions 
To realize posture control of a butterfly-style 

flapping robot, we developed a quick-return mechanism 
that made it is possible to change the ratio between 
down and up stroke times, which were chosen based on 
an analysis of a butterfly. Furthermore, we demonstrated 
the validity of the mechanism by performing 
experiments and analyzing the flight characteristics by 

using numerical simulations. 
Our previous research showed that these flight 

characteristics were also possible to control by different 
flapping or initial body pitch angles. Therefore, it is 
believed that we are able to develop a butterfly-style 
flapping robot that is easier to control by a combination 
of parameters, such as flapping angle, initial body pitch 
angle, and the ratio between down and up stroke times. 

In future research, we aim to validate the effect of 
different ratios between down and up stroke times by 
performing flight experiments of robots and analyzing 
the lift and body pitch movements quantitatively. 
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