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A B S T R A C T   

To design a flapping-wing micro air vehicle (FWMAV), the hovering flight action of a beetle species (Protaetia 
brevitarsis) was captured, and various parameters, such as the hindwing flapping frequency, flapping amplitude, 
angle of attack, rotation angle, and stroke plane angle, were obtained. The wing tip trajectories of the hindwings 
were recorded and analyzed, and the flapping kinematics were assessed. Based on the wing tip trajectory 
functions, bioinspired wings and a linkage mechanism flapping system were designed. The critical parameters for 
the aerodynamic characteristics were investigated and optimized by means of wind tunnel tests, and the artificial 
flapping system with the best wing parameters was compared with the natural beetle. This work provides insight 
into how natural flyers execute flight by experimentally duplicating beetle hindwing kinematics and paves the 
way for the future development of beetle-mimicking FWMAVs.   

1. Introduction 

Miniaturization is an important goal in micro air vehicle (MAV) 
design and has received increasing attention [1–3]. In recent years, in-
sects such as dragonflies [4], fruit flies [2], butterflies [5], and hawk-
moths [6] have been used as biological prototypes for insect-like MAVs. 
Coleoptera (beetles) are also agile natural flyers, with forewings (also 
called elytra) that are not membranous but rather are thick chitinous 
protective shields. The hindwings can be folded under the protective 
elytra, reducing the wing surface that remains exposed to the outside. 
Therefore, these unique deployable hindwings can be used as an inspi-
ration for portability design for miniaturized MAVs. 

Recently, considerable innovative progress has been achieved in 
research on MAVs based on beetles [7]. The deployability feature has 
been found to be key during collision recovery and has been achieved 
and demonstrated with flapping-wing MAVs (FWMAVs) [7,8]. A bionic 
beetle robot (KUBeetle) has proven to be reliable in design, and it can 
hover for 8.8 min powered by a single lithium polymer battery [9]. 
Based on this KUBeetle, the effects of wing aerodynamic efficiency on 
aerodynamic performance have been investigated, revealing that using a 
leading-edge corrugated wing as the inboard wing is a good choice to 
improve the aerodynamic efficiency [10]; the controller design has also 
been studied [11], and the ability to maintain stability in a real system 

with high flapping noise has been demonstrated [11]. 
High-speed photography technology is widely used in kinematics 

and flow field visualization experiments focusing on insect flight [12]. 
Some research suggests that the wing shape and vein arrangement in 
beetles affect hindwing deformation during flapping, affecting their 
aerodynamic performance [13]. It has been found that wing damage can 
still be compensated for by inducing flapping asymmetry during flight 
[14]; by adjusting the flapping amplitude [15–18], the flapping fre-
quency [16,17], the instantaneous angle of attack [17,18], the timing of 
the stroke reversal [14], the roll angle of the body [14] or the deviation 
angle [15]; or through a combination of these measures. These findings 
indicate that these parameters all play a crucial role in flight. It has also 
been found in dragonflies that the flapping trajectory affects the aero-
dynamics [19], providing inspiration for flapping trajectory variation in 
the design of MAVs. The flapping trajectories of the beetle C. buqueti 
have been used for kinematic modeling, which has yielded benefits 
when studying the aerodynamic properties of FWMAVs [20]. In addi-
tion, insects sometimes appear to have more than one flapping trajectory 
mode, which can allow for variable aerodynamic properties [21]. 
Moreover, the rotational effect and the interactions between the wings 
greatly affect the vortex structure, coupling structures and flight per-
formance [22,23]. The kinematic data obtained for insect wings provide 
first-hand information and theoretical guidance for the design and 
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manufacture of flapping systems and promote development and inno-
vation in the design of MAVs. 

There are two main force generation mechanisms in MAVs: an 
electrical motor with a mechanical transmission or artificial muscle 
material [24]. The former is chosen for most FWMAVs because of its 
well-developed application possibilities and low manufacturing cost. 
Existing FWMAVs based on this mechanism include Microbat [25], 
DelFly [26], Hummingbird [25], H2Bird [27], SmartBird [28], Bat Bot 
[29] and COLIBRI [30]. With improvements in motor technology, pro-
totype electromechanical systems are becoming increasingly intelligent, 
controllable and miniaturized. On the other hand, artificial muscles are 
also used as novel driving actuators in some projects instead of electrical 
motors and machinery. Examples include a bionic crawler robot with 
thermal materials based on the thermoelectric stretching effect [31], a 
circular closed-chain robot with shape-memory material [32], an elec-
trostatic material bounce robot [33] and a flapping device with piezo-
electric bimorph material [34,35]. The exploration of these new 
materials provides new options for the actuators in FWMAVs. However, 
these new materials are associated with many challenges related to 
aerodynamics, transmission mechanisms and power electronic in-
terfaces [24]. 

In this study, the beetle Protaetia brevitarsis was selected as a bio-
logical prototype. Its flapping kinematics during hovering were inves-
tigated, and a flapping system with a linkage mechanism based on the 
flapping wing tip trajectory functions of this beetle was designed. Sub-
sequently, the developed flapping system was tested with a flexible 
artificial beetle wing in a wind tunnel with the goal of maximizing the 
generated lift. Finally, the optimal parameters in terms of the flapping 
frequency, flight speed, angle of attack and flapping amplitude were 
obtained. Accordingly, this work provides baseline information for the 
(future) design of FWMAVs. 

2. Materials and methods 

2.1. Specimens 

Adult P. brevitarsis beetles of the order Coleoptera (see Fig. 1 A) were 
investigated after being captured from field sites in Changchun, Jilin 
Province, China. These beetles are 20.15–20.44 mm long, weigh 
approximately 0.47–1.08 g and have a wingspan of approximately 
50.35 mm. 

2.2. Video recordings 

Before video recording, three blue dots were painted on the dorsal 
side of the thorax of each beetle with acrylic paint (see also Fig. 1A). The 
mass of the paint was negligible (less than 0.05 mg). These dots were 
used as calibration points to calculate the scaling in high-speed films. 
Testing flight behavior before and after application of the blue dots 
showed that they did not affect the natural flapping kinematics and wing 
flexibility of the beetles. Then, a red fluorescent powder was sprinkled 
on the wing tips (the red points in Fig. 1A), with the purpose of allowing 
the wing tips to be captured more easily for subsequent data processing 
[36]. Each beetle’s abdomen was attached to a vertical, 4 cm long 
wooden rod (diameter = 1.5 mm) with AB glue (Epoxy Resin Liquid 
Adhesive Strong Adhesive, HOU-FC220), and the beetles were allowed 
to display flight behavior voluntarily. Wing flapping was recorded for 
30 s, and this was repeated 3 times. The hovering flight of the beetles 
was captured using three synchronized and spatially calibrated 
high-speed cameras (Phantom V711, Vision Research, USA), which were 
fitted with 50 mm lenses, set to film at 2000 frames⋅s− 1 (shutter speed: 
0.1 ms, resolution: 1280 × 800 pixels) and placed perpendicular to each 
other. Left side, right side and top views of the beetles were captured 

Fig. 1. Observation and study of the flapping ki-
nematics of beetles. (A) A P. brevitarsis beetle 
specimen. Three blue dots were painted on the 
dorsal side of the thorax to track the orientation of 
the body and calculate the scale in high-speed films. 
Red dots were painted on the wing tips to capture 
the wing tips more easily for subsequent data pro-
cessing. (B) Video recording setup for high-speed 
recording: Three synchronized high-speed cameras 
were placed perpendicular to each other. Four 150 
W LED projector lamps were used to illuminate the 
experimental area to improve the quality of the 
images. (C) Analysis of the wing flapping kine-
matics: The coordinate systems include a body-fixed 
reference system S with the center of mass of the 
beetle as its origin and a second coordinate system Z 
connected to the hindwing’s longitudinal axis. The 
angle of attack α(t) is used to define the position of 
the leading edge of the hindwing, the position angle 
θ(t) is used to describe the flapping position of the 
hindwing, and the rotation angle φ(t) is used to 
define the flight attitude of the hindwing. λ is 
defined as the angle between the longitudinal axis 
of the body and the horizontal plane. The angle of 
body rotation is defined as the body yaw angle β.   
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simultaneously. Four 150 W light-emitting diode (LED) projector lamps 
were used to illuminate the experimental area to improve the quality of 
the image background, as shown in Fig. 1B. The temperature of the room 
was kept at 28–30 ◦C to increase the probability of the beetles showing 
flight behavior [37]. The kinematics of P. brevitarsis were recorded and 
measured with an image capture and analysis system (PCC 2.6 video 
editing software and Simi Motion image measurement software); this 
process included establishing three-dimensional coordinate systems for 
the beetles’ flight and measuring the amplitude, frequency, attack angle, 
rotation angle and stroke plane angle during flapping. 

2.3. Defining appropriate coordinate systems 

To describe the flapping trajectory of a beetle hindwing, it was 
necessary to define a reference coordinate system. This involved a fixed 
reference system with the beetle’s center of mass as the origin, S, and a 
reference coordinate system fixed on the hindwing, Z. The beetle’s 
functional center of mass was found by adhering a thread to the beetle’s 
body and suspending it in the air, then modifying the attachment loca-
tion and repeating this process until the beetle was oriented in its natural 
flight position. Wing motion parameters, which are the key factors in 
establishing a wing kinematics model, are generally described in terms 
of Euler angles. These parameters include the angle of attack α(t), which 
is used to define the position of the leading edge of the hindwing; the 
position angle θ(t), which is used to describe the flapping position of the 
hindwing; and the rotation angle φ(t), which is used to describe the 
flight attitude of the hindwing. All three angles were used to accurately 
define the position and direction of the hindwings. In this way, the 
flapping flight motion of the beetles at every instant was captured. 

All the parameters mentioned above are illustrated in Fig. 1C. The 
plane on which the wings reciprocatively move relative to the beetle’s 
body is defined as the stroke plane. Specifically, the angle between the 
projection of the longitudinal axis z1 of the wing onto the stroke plane 
and the horizontal axis s1 is defined as the position angle θ(t). It is 
positive when the position of the hindwing is on the ventral side. The 
angle between the average chord b1 and the horizontal axis s2 of the 
wind is defined as the angle of attack α(t) [20]. When the position of the 
leading edge of the hindwing is above the horizontal plane, the angle of 
attack is positive. The rotation angle φ(t) is defined by the average chord 
b1 of the wing and longitudinal axis of the body. In addition, the angle 
between the longitudinal axis of the body and the horizontal plane is 
defined as the body pitch angle λ. The angle of body rotation is defined 
as the body yaw angle β. 

2.4. Wind tunnel 

To obtain the optimal parameters of the flapping system, wind tunnel 
experiments with bioinspired wings were performed in a low-speed 
straight-flow wind tunnel at Jilin University, Changchun, China. The 
main specifications and parameters of the wind tunnel are shown in 
Table 1. The model was fixed on a bracket, which was connected to a 
force balance (load cell) after adjustment. An LH-SZ-02 load cell 
(Shanghai Liheng, China; 0–20 N ± 2 mN) was selected. This load cell 
has the advantages of a small size, high precision and fast response, 
making it very suitable for use in low-speed wind tunnel experiments 

with flapping wings. 

3. Results 

3.1. Hindwing wingbeat motion 

The hindwing kinematics of P. brevitarsis were measured with a high- 
speed image capture system. During the flight sequence of the hindwings 
in stable wingbeat motion, the flapping cycle of this beetle can be 
divided into four stages: downstroke, supination, upstroke and proton-
ation. During the downstroke, the deformation direction of the hindw-
ings is perpendicular to the wing plane and upward, and the middle of 
the hindwing is raised. The shape of the hindwings at this time is similar 
to the surface of an umbrella, as shown by the green lines in Fig. 2A1. 
During supination, the hindwing is located at the position of the 
maximum downstroke angle. At the leading edge of the P. brevitarsis 
hindwing, the wing base turns upward, while the wing tip is almost flat 
without large deformation, as shown by the green line in Fig. 2A2. 
During the upstroke, the deformation direction of the hindwings is 
perpendicular to the wing plane and downward, but there is no obvious 
deformation. At this time, no umbrella shape can be recognized, as 
shown in Fig. 2A3. During protonation, the hindwing is located at the 
position of the maximum upstroke angle. As seen from Fig. 2A4, the 
leading edge of the hindwing turns downward from the wing base to the 
wing tip. 

The wing kinematics parameters are shown in Table 2. The down-
stroke time is longer than the upstroke time, and the supination time is 
longer than the protonation time. The stroke plane angle with respect to 
the horizontal line is approximately 39.2◦ for hovering flight. The 
flapping frequency is approximately 105.5 Hz. Fig. 2D shows the Euler 
angles of the hindwings in the beetle’s flapping movements. The posi-
tion angle θ(t) gradually decreases during the downstroke and increases 
during the upstroke, and the flapping amplitude is approximately 63.3◦. 
The angle of attack α(t) gradually increases during the downstroke and 
decreases during the upstroke, opposite to the angle θ(t). The range of 
variation of the angle α(t) is from − 41.5◦ to 40.5◦. The rotation angle 
φ(t) gradually decreases during the first half of the downstroke, and in 
the second half of the upstroke, φ(t) gradually increases. In one cycle of 
wingbeat motion, the changes in the angle φ(t) can be divided into four 
steps, in contrast to the two steps for the angles θ(t) and α(t). The range 
of variation of the angle φ(t) is from 0◦ to 81.3◦. 

3.2. Wing tip trajectories 

Fig. 2B shows the three-dimensional wing tip trajectories of 
P. brevitarsis. The wing tip trajectory pattern is a flattened ‘figure eight’. 
The crossing points of the trajectory are located near supination and 
protonation, as shown in Fig. 2 B4. Fig. 2C shows a graph of the wing tip 
displacement in the x, y and z directions, x being sideways, y being 
forward and z being vertical. In the x direction (Fig. 2C1), the hindwing 
trajectory of P. brevitarsis can be regarded as approximating a harmonic 
curve. The distance between the highest and lowest points is 5.42 ±
6.12 mm. In the y direction (Fig. 2C2), the displacement of the wing tip is 
large, with a value of 15.64 ± 3.21 mm. In the z direction, the hindwing 
tip trajectory can again be regarded as approximating a harmonic curve. 
As shown in Fig. 2C1 and 2C2, the difference between the left and right 
hindwings is extremely small. However, as shown in Fig. 2C3, the tra-
jectory of the left wing shows a somewhat larger amplitude, indicating 
that the wingbeat motion is not completely symmetrical for this 
particular stroke cycle. Although the left and right hindwings have the 
same phase during flapping, the trajectories of the hindwings are not 
exactly the same. 

Table 1 
Parameter specifications of the wind tunnel.  

Test section parameter Value 

Working section shape Rectangle 
Working section area (mm2) 650 × 450 
Length of working section (mm) 1000 
Turbulence intensity (%) <0.3 
Form of wind speed regulator Hot-wire sensor 
Range of wind speed (m/s) 0–10 
Airflow nonuniformity of working section (%) <3  
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Fig. 2. Flight attitude and wing tip trajectory analysis of P. brevitarsis. (A) The four stages of the flapping cycle: downstroke, supination, upstroke and protonation. 
(B) The mean cycle wing tip trajectory of the beetle. From the number of crossing points, it can be seen that the wing tip trajectory follows a ‘figure eight’ pattern. (C) 
Displacement curve analysis of the wing tip in the x, y and z directions. (D) Curves of the three flapping angles of P. brevitarsis during wingbeat motion. (E) Diagram of 
the right wing tip trajectories of the hindwing of P. brevitarsis and three flapping mechanism plans. 

Table 2 
Wing kinematics parameters of P. brevitarsis.  

Time percentage Stroke plane angle (◦) Flapping amplitude (◦) Flapping frequency (Hz) 

Downstroke Supination Upstroke Pronation 

52.1% 7.6% 34.4% 5.9% 39.2 63.3 ± 2.6 105.5 ± 7.8  
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4. Discussion 

4.1. Wingbeat motion analysis 

The four flight sequences of the hindwings in a wingbeat motion 
cycle can be explained by the aerodynamics of beetle flight. During the 
downstroke, umbrella-like deformation is caused by the relatively large 
pressure difference between the upper and lower wing surfaces, which 
effectively keeps the insect airborne [38]. During supination, the insect 
might be able to obtain increased lift by using the circulation present 
and by wake (re)capture [39]. During the upstroke, there is no longer 
any obvious umbrella-like deformation. This may be associated with 
reduced drag and may facilitate a steady transition to protonation [38]. 
At the end of protonation, the ventral sides of the hindwings have 
accumulated a certain amount of leading-edge vorticity (LEV), which 
will be beneficial for the generation of instantaneous lift and thrust 
during the next downstroke [39]. In the wingbeat motion cycle, the 
downstroke provides most of the lift, and the upstroke provides most of 
the thrust [40]. The downstroke takes more time than the upstroke 
because during the downstroke, the wing provides the highest force and 
slows down more due to air resistance. The supination time is longer 
than the protonation time, allowing for complex motion during supi-
nation, such as braking and swerving [39]. During supination, the 
hindwings are transitioning from the downstroke to the upstroke and are 
probably also experiencing increased drag [38]. 

In Fig. 2 (B1–B3), the flapping trajectories of a pair of hindwings of 
P. brevitarsis clearly show that both hindwings have the same motion 
pattern and share the same stroke plane. The crossing points of the 
trajectory are located near supination and protonation, as shown in 
Fig. 2 B4. These crossing points determine whether the flapping wing 
trajectory mode is a simple ‘figure eight’ pattern or a complex ‘double 
figure eight’ pattern [41]. This beetle’s wing tip trajectory pattern is 
similar to those of other insects, whose trajectory patterns mainly 
include oval, ‘figure eight’ and ‘double figure eight’ shapes [42]. For 
example, the flapping trajectory of dragonflies is a ‘figure eight’ or 
‘double figure eight’, and that of the cicada is an oval. In practice, the 
motion patterns of most insect wings are ‘figure eights’ and ‘double 
figure eights’ [43]. Previous studies have shown that the ‘double figure 
eight’ pattern has the highest lift for the same wing surface area [42]. 
However, the mass, wingspan and surface area of P. brevitarsis are 
greater than those of other insects, and the ‘figure eight’ pattern may 
serve to reduce energy consumption [42]. The most likely explanation 
for these trajectory patterns during flapping is that insects with different 
aerodynamic characteristics adopt different flapping modes. Neverthe-
less, some research has shown that there seems to be no fixed rule for the 
switching of insects between different wing tip trajectory patterns [44]. 
Insects can use different aerodynamic mechanisms to fly during flap-
ping, and they can choose different mechanisms for the same wingbeat 
motion [44,45]. 

4.2. Kinematic modeling 

Due to the absence of muscles in the wings of this insect, the wing 
base is the main component that controls the wingbeat motion of 
P. brevitarsis. Therefore, the wingbeat motion can be regarded as a 
rotational motion around the wing base point. From the Euler angles 
α(t), θ(t) and φ(t), kinematic data can be obtained at any time. On this 
basis, the flapping kinematics of the beetle’s hindwing can be described 
and analyzed. Fig. 2D shows the Euler angles of the hindwings during 
the beetle’s flapping flight. 

As seen from Fig. 2D, the measured data and fitted curves are 
irregular and complicated. Considering that Fourier series combined 
with different coefficients can be used to describe any arbitrary curve 
[46], the functional forms of the fitted curves of the three flapping an-
gles can be directly described in terms of Fourier series. Suitably fitting 
these data is also key to obtaining related functions and parameters to be 

used as input in subsequent flapping system design. In this study, the 
first four Fourier terms were chosen to accurately describe the wingbeat 
motion of the hindwing. Accordingly, the three flapping angles (the 
angle of attack α(t), the position angle θ(t), and the rotation angle φ(t)) 
of the hindwing can be defined as shown below: 

∅(t) =
∑4

n=0
[an cos(nKt) + bn sin(nKt)] (1)  

K =
2πfc
2vT

(2)  

vT = 2θRf (3)  

where ∅(t) is the function describing the evolution of the angle over 
time; n is an integer taking values from 0 to 4; t represents time; K 
represents the reduced frequency, which is 0.52; an and bn are defined as 
constant coefficients of the Fourier terms; f represents the flapping fre-
quency, which is approximately 105.50 Hz; c is the mean chord length, 
which is 8.76 mm; vT is the reference velocity of the wing tip, which can 
be calculated to be 5.57 m/s; R is the length of the hindwing, which has 
been measured to be 23.88 mm; and θ is the flapping amplitude, which is 
approximately 63.30◦. For the flapping wing tip trajectory data of 
P. brevitarsis, all coefficients used to describe the Fourier series of the 
wingbeat motion are shown in Table 3. 

When the wing tip trajectory of the hindwing is described by a 
Fourier series, the Fourier order and coefficients determine the accuracy 
of the results. Accordingly, an accurate mathematical model was 
established on the basis of the measured kinematic data. The results can 
be regarded as a key reference for subsequent flapping system design. 

4.3. Design of the flapping system 

Based on the analysis in the previous section concerning the wing tip 
trajectory functions of P. brevitarsis, we designed a flapping system based 
on a linkage mechanism, as shown in Fig. 3. A full three-dimensional 
exploded view of the flapping system (Fig. 3D), an isometric view 
(Fig. 3E) and close-up views from three different directions (Fig. 3A, B 
and 3C) are shown. The linkage mechanism is driven by a brushless DC 
motor and transforms the rotation of the motor shaft into the wingbeat 
motion of the wings. Specifically, the frame and the wing trailing edge 
fixing frame are connected by square holes. The arc design of the frame 
head improves the stability of the whole device and reduces self- 
vibration. A series of small holes in the wing trailing edge fixing frame 
make it easy to adjust the position of the wing trailing edge. The motor 
revolution rate, normally 3000 rpm/V, is reduced using a 1:14 two-stage 
gearbox. The gear attached to the motor axis drives the crank gear at the 
left side of the robot. The right crank gear is driven and led by the left 
crank gear. The gears and crank shafts are connected to one another 
using stainless steel pins. 

4.3.1. Flapping mechanism kinematics 
The kinematics of the proposed mechanism are expressed analyti-

cally as follows (see also the mechanism diagram in Fig. 3A): 

O1O2
̅̅̅→

+ O2O3
̅̅̅→

= O3O4
̅̅̅→

+ O1O4
̅̅̅→ (4) 

This vector relation can be decomposed into two component forms: 
{

O1O2 cos α + O2O3 cos β − O3O4 cos γ − O1O4 = 0

O1O2 sin α + O2O3 sin β − O3O4 sin γ = 0
(5) 

Then, 

C. Liu et al.                                                                                                                                                                                                                                      
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⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

tan
β
2
=

A ±
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
A2 + B2 − C2

√

B − C

tan
γ
2
=

D ±
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D2 + E2 − F2

√

E − F

(6)  

where 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A = 2O1O2⋅O2O3 sin α
B = 2O2O3(O1O2 cos α − O1O4)

C = O1O2
2 + O2O2

3 + O1O2
4 − O3O2

4 − 2O1O2⋅O1O4 cos α
D = 2O1O2⋅O3O4 sin α
E = 2O3O4(O1O2 cos α − O1O4)

F = O2O2
3 − O1O2

2 − O3O2
4 − O1O2

4 + 2O1O2⋅O1O4 cos α

(7) 

Here, α is the acute angle between O1O2 and O1O4, and β is the acute 
angle between O2O3 and O1O4. 

When Eq. (7) is solved, the output angle γ, that is, the flapping angle, 
turns out to be   

Based on the wing tip trajectory functions in the previous section, the 
dimensions were numerically optimized for the desired flapping 
amplitude as well as for symmetry of the upstroke and downstroke 

Table 3 
Coefficients of the first four Fourier series terms in the curve fits.   

a0 a1 a2 a3 a4 b1 b2 b3 b4 

α(t) − 4.01 − 45.14 5.67 − 0.63 0.01 5.78 1.88 0.77 0.13 
θ(t) 6.06 35.76 − 7.01 0.77 1.76 − 7.14 − 2.32 − 1.50 − 0.17 
φ(t) 45.61 2.65 43.13 0.14 1.58 1.32 − 13.72 3.86 − 0.26  

Fig. 3. The designed linkage mechanism for the flapping system. (A, B and C) Close-up views from three different perspectives; A is the front view, B is the side view, 
and C is the top view. (D) Three-dimensional view. (E) Isometric view of the flapping system. 

Table 4 
Flapping mechanism dimensions (lengths in mm, angles in ◦).   

O1O2 O2O3 O3O4 O1O4 γ 

Plan 1 2.20 15.00 4.58 14.40 30 
Plan 2 6.00 45 
Plan 3 9.10 60  

γ = arccos
O3O2

4 + O1O2
4 −

(
O1O2

2 + O2O2
3

)2

2O1O4⋅O3O4
− arccos

O3O2
4 + O1O2

4 −
(
O1O2

2 − O2O2
3

)2

2O1O4⋅O3O4
(8)   
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velocities. The final link sizes and amplitudes are shown in Table 4. This 
configuration can generate nearly harmonic wingbeat motion. Three 
final plans for the flapping mechanism were selected, each with a 
different amplitude (Table 4). For comparison, the wing tip trajectory 
patterns of these three different flapping mechanisms and the beetle 
hindwing are shown in Fig. 2E. Since the wingbeat motions of the left 
wing and the right wing are almost symmetrical, we analyze only the 
right wing. It can be seen that for all three plans, the trajectories are 
similar to that of the beetle. However, the Plan 3 trajectory is closest to 
the flapping trajectory of the beetle. The position of the crossing point 
under Plan 3 is similar to that of the beetle—in both cases, the crossing 
point is above the center of the trajectory—and they also have very 
similar flapping amplitudes (close to 60◦). In contrast, the positions of 
the crossing points under Plans 1 and 2 are below the center of the 
trajectory. The different flapping mechanism plans were optimized to 
obtain the maximum aerodynamic performance. 

4.3.2. Flapping system fabrication 
A robot capable of flapping flight was designed based on the 

observed beetle flight kinematics but with a wingspan approximately 4 
times that of the beetle. The frame, the trailing edge fixing frame and the 
links of the flapping mechanism were produced via 3D printing (HP, 3D 
Jet Fusion 4200, USA). The working accuracy of these components was 
sufficiently high such that no further processing was required (accuracy: 
53 μm in the x and y directions, 20 μm in the z direction). The pins used 
to connect the linkages at each position were made of 304 stainless steel. 
The brushless DC motor (Faulhaber, 0620, Germany), which weighed 
2.5 g, was placed in the center of the frame. The relationship between 
the output flapping frequency and the input voltage can be derived as 
given in Eq. (9). 

f =
RCV
60i

(9)  

where Rc is the constant revolution rate of the motor (rpm), V is the 
applied voltage, and i is the gear reduction ratio. The flapping frequency 
is approximately 45 Hz without any wing parts. The latest version of the 
flapping system weighs 5.93 g without the motor. After installation, the 
starting torque is very small, and only 0.1 V is needed to start the 
wingbeat motion. The wingspan is 156 mm, the height is 24 mm, and the 
length is 68 mm. All dimensions and weights of the flapping system are 
given in Table 5. 

4.3.3. Wing fabrication 
The design of the artificial wings was inspired by the hindwings of 

P. brevitarsis, and the wings were fabricated using a 15 μm thick poly-
ester membrane (Fig. 4A). At the leading edge of the wing, sleeves were 
made that enclosed carbon fiber-reinforced polymer (CFRP) bars (1 mm 
diameter). The sleeves could rotate freely around the bars except near 
the body, where the sleeve was attached to the bar to prevent the 
connection from being too loose. At the trailing edge of the wing, a hole 
at the wing root was matched with a second hole (near the body, Fig. 3C 
red points) on the trailing edge fixing frame by a plastic bolt (2 mm 
diameter). The wing became more cambered and twisted after assembly, 
which was beneficial for lift force generation. The leading-edge bar was 
connected to the output link of the flapping mechanism (Fig. 4B). The 
main vein structure of the beetle was mimicked by 0.5 mm thick carbon 

fiber strips, which were glued to the wing membrane with 502 cyano-
acrylate 502 to improve the overall strength. Fig. 4C shows the artificial 
wings after assembly. 

4.4. Optimal parameters of the flapping system and comparison with the 
beetle wing 

The assembled flapping system is shown in Fig. 4C. The final model 
was installed in the wind tunnel as shown in Fig. 4D. A series of per-
formance tests were conducted to optimize the flight speed, flapping 
frequency, flapping amplitude, and angle of attack of the flapping 
model. The test parameters are summarized in Table 6. 

The experimental results show that the average lift of the model first 
increased and then decreased with increasing ‘flight’ speed (see Fig. 4E). 
We chose the angle of attack and flapping amplitude to take constant 
values of 10◦ and 45◦, respectively. The trend of the average drag is 
similar to that of the lift, with an initial increase followed by a decrease, 
finally reaching a constant, somewhat elevated level (Fig. 4E, dashed 
lines). These results show that the lift is maximal for flapping flight at a 
low angle of attack (10◦) and a low flow speed (0–2 m/s). The average 
lift and drag appear to be highly dependent on the flapping frequency. 
The lift and drag values at 12 Hz are 9.93 times and 7.99 times those at 0 
Hz, respectively. The rapid fall of the lift curve indicates that when the 
wind speed increases to 3 m/s, the flow speed destroys the stability of 
the flow field around the flapping wings, and the transient lift cannot be 
harvested effectively [47]. Therefore, the average lift starts to steeply 
decrease. As the flight speed continues to increase, the wingbeat motion 
has little effect on the aerodynamic force, with both the lift and drag 
tending to be flat. Therefore, a wind speed of 2 m/s was chosen for 
testing. 

Fig. 4F shows the curves of the flapping frequency and average lift at 
different angles of attack. We chose the flapping amplitude and optimal 
wind speed to take constant values of 45◦ and 2 m/s, respectively. The 
experimental results show that the lift gradually increases with 
increasing frequency (when the angle of attack is < 50◦). However, the 
increase in the rate of lift generation begins to slow down once the 
frequency reaches a certain value (>8 Hz). This decrease in the slope of 
the lift curve is likely due to changes in the wing shape at higher flapping 
frequencies [48]. An increase in frequency also leads to an increase in 
drag, which means that more power is needed to overcome the drag. 
This also makes it impossible to increase the frequency indefinitely. On 
the other hand, the average lift first increases and then decreases with an 
increasing angle of attack, and the average lift values are very similar for 
angles of attack of 25◦ and 30◦. 

Fig. 4G shows the average aerodynamic force as a function of the 
flapping frequency at different flapping amplitudes. The angle of attack 
and wind speed were chosen to take constant values of 10◦ and 2 m/s, 
respectively, the ‘optimal performance’ values. The experimental results 
show that the lift gradually increases with increasing frequency. The 
rate of increase in the lift starts to level off once the frequency reaches a 
certain value (>8 Hz). However, the drag increases almost exponentially 
throughout the whole flapping frequency range. At a flapping amplitude 
of 30◦, the overall lift reaches its minimum, whereas the lift values are 
maximal and very similar at flapping amplitudes of 45◦ and 60◦. There is 
a positive correlation between drag and flapping amplitude. Based on 
the analysis shown in Fig. 4F, as well as to limit the load on the DC motor 
to prevent overheating, we take 10 Hz as the optimal flapping frequency. 

The average generated aerodynamic force as a function of the angle 
of attack at different flapping amplitudes is shown in Fig. 4H. Here, the 
flapping frequency and wind speed were kept constant at their optimal 
values of 10 Hz and 2 m/s, respectively. The experimental results show 
that the average lift force first increases and then decreases at increasing 
angles of attack. The peak lift is observed for an angle of attack between 
20◦ and 30◦. The peak lift forces at flapping amplitudes of 30◦, 45◦ and 
60◦ correspond to angles of attack of 30◦, 25◦, and 20◦, respectively. 
These results show that as the flapping amplitude increases, the peak 

Table 5 
Dimensions and weight parameters of the flapping system.  

Dimension Wingspan 
(mm) 

Length 
(mm) 

Height 
(mm) 

Wing area 
(mm2) 

Aspect 
ratio 

156 68 24 4800 5.07 

Weight 
(g) 

Wings Motor Frame Linkages Total 
weight 

0.49 2.50 1.37 3.88 8.43  
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angle of attack gradually decreases, and the peak lift occurs at relatively 
low angles of attack. This is probably caused by the increased effort that 
the motor must exert to overcome the necessary torque at a larger 
flapping amplitude. The angle of attack and the flapping angle influence 
one another (at a constant frequency), resulting in smaller peak angles of 
attack at larger flapping amplitudes (Fig. 4H1). The average lift appears 
to be maximal at a flapping amplitude of 45◦ at an angle of attack of 25◦, 
and the best lift–drag ratio is also observed under these conditions. 

Accordingly, the optimal angle of attack is 25◦, and the optimal flapping 
amplitude is 45◦. 

Fig. 4I shows the transient lift at different flapping frequencies. We 
fixed the wind speed, angle of attack and flapping amplitude to their 
optimal values. With these parameters, the transient peak lift was the 
highest at 10 Hz, and the peak value was approximately 31.2 g, 

Fig. 4. Analysis of the aerodynamic characteristics of the robotic flapping system. (A) An artificial wing mimicking the P. brevitarsis hindwing. (B) The flapping 
system model without wings. (C) The assembled flapping wing system. (D) The low-speed straight-flow wind tunnel. (E) The average aerodynamic force at different 
flapping frequencies as a function of the wind velocity. (F) The average lift at different angles of attack as a function of the flapping frequency; (G) The average 
aerodynamic force at different flapping amplitudes as a function of the flapping frequency. (H) The average aerodynamic force at different flapping amplitudes as a 
function of the angle of attack; (I) The transient lift curves at different flapping frequencies for a flapping time period of 1 s. 

Table 6 
The ranges of the experimental parameters for the wind tunnel test.   

Experimental parameters 

Flight speed (m/s) 0, 1, 2, 3, 4, 5 
Flapping frequency (Hz) 0, 2, 4, 6, 8, 10, 12 
Flapping amplitude (◦) 30, 45, 60 
Angle of attack (◦) 0, 10, 20, 25, 30, 40, 50, 60  

Table 7 
Comparison of the wing parameters of Flyer-beetle and the beetle P. brevitarsis.   

Mass-to- 
wing 
area 
ratio (g/ 
mm2) 

Stroke 
plane 
angle 
(◦) 

AR θ (◦) Re f (Hz) Peak 
lift-to- 
mass 
ratio 
(g) 

Flyer-beetle 0.0017 40.0 5.07 45.0 4730 10.0 3.70 
P. brevitarsis 0.0016 39.2 5.06 63.3 1190 105.5 1.76 

[49]  
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approximately 3.7 times the weight of the model. 
Since our project seeks inspiration in nature, the artificial flapping 

system with the optimal wing parameters (named Flyer-beetle) was 
compared to the natural beetle P. brevitarsis, and these comparisons are 
summarized in Table 7. For comparison to P. brevitarsis, the stroke plane 
angle of Flyer-beetle was set to 40◦, almost the same as that of the beetle. 
The mass-to-wing area ratio and aspect ratio (AR) used as the basis of the 
design were also chosen to be the same as those of the beetle. The 
optimal value of the flapping amplitude was found to be 45◦, which is 
smaller than that of the beetle (60◦). The Reynolds number of Flyer- 
beetle is approximately 4 times that of P. brevitarsis, but their orders of 
magnitude are the same. Therefore, the aerodynamic environments are 
similar, although there are large differences in their sizes. Regarding 
aerodynamic lift, the peak lift-to-mass ratio of Flyer-beetle is 2.1 times 
that of P. brevitarsis. In addition, the flapping tip trajectory patterns of 
both are the same (the ‘figure eight’ pattern). According to the above 
results, the parameter optimization of the developed flapping system is 
effective. In future research, motors with similar weights but a higher 
stall torque should be chosen to further increase the flapping frequency. 

5. Conclusion 

The wingbeat motion of the hindwings of the beetle P. brevitarsis was 
used as a source of bionic inspiration. After the hovering actions of 
beetle specimens were captured with high-speed cameras, the flapping 
frequency, flapping amplitude, angle of attack, rotation angle, stroke 
plane angle and flapping trajectories were obtained, and the beetle’s 
flapping kinematics were assessed. The flapping wing tip trajectories in 
each direction and the displacement with time were evaluated. Based on 
the wing tip trajectory functions, a flapping system based on a linkage 
mechanism mimicking the beetle’s flapping tip trajectory pattern (a 
‘figure eight’ pattern) was designed and fabricated. The flapping 
amplitude and wing position could be directly adjusted in this system. 
Performance tests in a wind tunnel showed that the flapping system 
worked very well. After series of values were tested for all parameters, 
the optimal value for the flapping frequency was found to be 10 Hz; for 
the flight speed, 2 m/s; for the angle of attack, 25◦; and for the flapping 
amplitude, 45◦. With these settings, the peak lift was approximately 
31.2 g. In future research, motors with similar weights but a higher stall 
torque should be chosen to further increase the flapping frequency. 
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