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Abstract
The bamboo weevil beetle, Cyrtotrachelus buqueti, has evolved a particular flight pattern.
When crawling, the beetle folds the flexible hind wings and stuffs under the rigid elytra.
During flight, the hind wings are deployed through a series of deployment joints that are
passively driven by flapping forces. When the hind wings are fully expanded, the unfolding
joint realises self‐locking. At this time, the hind wings act as a folded wing membrane and
flap simultaneously with the elytra to generate aerodynamics. The functional characteristics
of the elytra of the bamboo weevil beetle were investigated, including microscopic
morphology, kinematic properties and aerodynamic forces of the elytra. In particular, the
flapping kinematics of the elytra were measured using high‐speed cameras and recon-
structed using a modified direct linear transformation algorithm. Although the elytra are
passively flapped by the flapping of the hind wings, the analysis shows that its flapping wing
trajectory is a double figure‐eight pattern with flapping amplitude and angle of attack. The
results show that the passive flapping of elytra produces aerodynamic forces that cannot be
ignored. The kinematics of the elytra suggest that this beetle may use well‐known flapping
mechanisms such as a delayed stall and clap and fling.
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1 | INTRODUCTION

Insects show fascinating agility when they are flying against the
wind, chasing prey, landing accurately and avoiding natural
enemies, which benefits from the ingenious airfoil structure
and unique kinematic characteristics of insect wings. The aer-
obatic flight completed by insects not only relies on their
neurosensory‐motor control system to make accurate and
rapid responses but also requires wings to flexibly change
different flight modes. In view of the special background of
military reconnaissance, disaster relief and rescue, deep space
exploration and intelligence collection, insect‐like flying robot
highlights its important application value. Therefore, the
morphology of insect wings provides help to study the kine-
matics of wings, and the kinematic laws of wings provide
theoretical models for understanding the aerodynamic gener-
ation of insect flapping wings.

In recent years, people have carried out in‐depth research
on the aerodynamic characteristics of insect flight [1–7].

Mechanisms such as delayed stall, advanced rotation, rotational
lift, wake capture, clap and fling, figure‐eight motion and wing
interaction have now been accepted [8]. The complex control
of the wing kinematics of insects enables the generation of
unsteady aerodynamic forces and can provide source data for
the design and flight testing of small aircraft. The flying robot
is designed to imitate the flight characteristics of the
bumblebee, and the driving structure is prepared by adding
piezoelectric material into the intelligent composite structure
[9]. The composite bionic flapper was designed by imitating the
wing structure of Nephrotoma appendiculata. The wing veins
were made of ‘SU‐8’ material and the wing membrane was
made of Polydimethylsiloxane [10]. The coaxial quad‐wing
flapper was designed by imitating the flapping wing charac-
teristics of butterflies, and its aerodynamic mechanism was
investigated by the computational fluid dynamics (CFD)
simulation and a wind tunnel experiment [11]. A tiny robot that
can fly in the air, hover, land on land, swim in water, and jump
out of water has been designed [12]. A flying robot that can
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accurately simulate the fast escape action of fruit flies has been
developed by imitating the flight characteristics of fruit flies
[13].

Compared with the flight mechanism of other insects, the
wing kinematics of the beetle has received little attention due
to the difficulty of the experimental operation and the limited
valuable wing behaviour data obtained in the beetle flight.
Wind tunnel experiments and CFD simulators from ANSYS‐
CFX software were used to study the aerodynamic properties
and force generation mechanisms of the Allomyrina dicho-
toma beetle, and it was found that the elytra produced less than
1% of its body weight in lift [14]. Quantitative measurements
of beetle Heliocopris hamadryas wakes show that the presence
of elytra helps support body weight and increases vertical force
production by approximately 40%, and that the combination
of elytra and hindwing produces a complex wake [15]. Airflow
characteristics around the elytra and hindwings of the Try-
poxylus dichotomus beetle were observed by using the smoke‐
wire visualisation technique [16]. It was revealed that the
increased suction in the gap between the elytra and the
hindwing may increase the lift on the hindwing during
the upstroke. The kinematics and deformation behaviour of T.
dichotomus beetle's hind wing were measured by the motion
capture system, and the mechanism of beetle's forward flight
and the aerodynamic force acting on the elytra were discussed
by numerical simulation [17, 18]. The SST k‐ω turbulence
model based on three‐dimensional (3D) pressure simulation
was used to analyse the take‐off and landing performance of
the Rhinoceros beetle in detail [19]. Numerical simulation was
used to explore the influence of the microstructure of the
elytra and the blood flow in hind wing veins on the aero-
dynamic force of the beetle [20]. The fluid structure of clap
and fling effect and force generation in the A. dichotoma
beetle is investigated by simulation [21]. In‐flight collisions of
wings imitating the curved joints of the hindwings found that
the origami‐like folds of A. beetles' hindwings played an
important shock‐absorbing function in the collision of the
hindwings in flight [22].

The bamboo weevil beetles, Cyrtotrachelus buqueti, may
have excellent flight mobility [23, 26]. It has a wing load‐
carrying capacity of 79 N/m2 [25], which is higher than that
of A. dichotoma (40 N/m2), the fruit fly (2 N/m2) and the
dragonfly (7.5 N/m2). Moreover, the folding ratio of the hind
wings of C. buqueti is larger than that of A. dichotoma and
Pachnoda marginata beetles, which belong to the secondary
folding and unfolding mechanism. The weight of adult C.
buqueti is more in line with the miniaturised biomimetic goal
of flapping‐wing micro air vehicles (MAVs). The functional
morphological and structural characteristics of the hind wings
of C. buqueti were studied, and it was found that resilin located
in a specific area of the hind wings could avoid the fatigue
damage of the hind wings and contribute to the folding and
unfolding motion of the wings [23]. The microstructure shows
that the hind wing is a layered structure with filaments, which
makes the hind wing lightweight and highly flexible. Moreover,
mechanical tests found that the bending stiffness in the
chordwise direction was higher than that in the spanwise

direction, which was determined by the distribution charac-
teristics of the fibre layers in the hind wing [24]. The static
characteristics and natural vibration modes of the hind wing
structure are analysed by the finite element method. The small
deflection under uniformly distributed load and bending
moment shows that the hind wing of C. buqueti has excellent
structural performance [25]. The flapping pattern of the dou-
ble figure‐eight trajectory creates the excellent flight man-
oeuverability of C. buqueti [26]. The folding mechanism,
kinematic data and morphological parameters of the wing of
C. buqueti are simulated to design the deployable mechanism,
and its rigid–flexible coupling dynamic characteristics of
folding and unfolding are analysed. Furthermore, a flapping‐
wing MAV with a foldable mechanism was designed and the
load‐bearing capacity and vibration mode of the wing were
analysed by the finite element method [27]. These studies
provide important references for the development of beetle‐
like flapping‐wing MAVs with foldable wings.

Further research found that before flight, C. buqueti opens
its elytra and then unfolds its hind wings. The flapping of the
hind wings is actively controlled by the muscles at the root of
the wings. Although the muscles at the wing root of C. buqueti
do not control the flapping motion of the elytra, it is achieved
by passive flapping through the movement of the hind wings.
However, the approximation between the elytra and hind
wings of C. buqueti in flight suggests that their interactions
may have important effects on aerodynamic performance.
Therefore, this article focusses on the functional properties of
the elytra of C. buqueti, including its morphological properties,
kinematic properties of passive flapping and aerodynamic
generation. The cross‐sectional structure of the hind wing was
observed by the scanning electron microscope and its average
thickness was obtained. The elytra were scanned with a 3D
scanner, and their 3D model was reconstructed. The position
angle, the rotation angle and the elevation angle data of flap-
ping wing motion are obtained by processing the high‐speed
video frames. Fourier series were used to fit these angular
data to construct a kinematic model of C. buqueti flapping
wings. The airflow characteristics around the elytra are analysed
using CFD simulations. The research in this study will provide
a good reference for a more in‐depth study of the aero-
dynamics of the elytra‐hind wing coupling characteristics of C.
buqueti.

2 | EXPERIMENTAL METHODS

2.1 | Tested samples

We prepared about 20 C. buqueti specimens. The test speci-
mens were taken from adult C. buqueti captured in Suqian
city, Jiangsu Province, China in 2021, with an average mass of
3.28 g. Several live individuals with similar morphology and
same mass were taken for kinematic measurement. The elytra
were cut from the body and stored in a container at a room
temperature of 26°C and humidity of 60% for scanning elec-
tron microscopy (SEM) observation and 3D scanning.
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2.2 | Scanning electron microscopy

The cross section and ventral side microstructure of the elytra
were observed by SEM. The elytra samples were cleaned with
0.10 mol/L phosphate buffer for 15 min and dehydrated using
ethanol. Cutting the elytra with a blade destroys the micro-
structure of its cross section. To make the test samples
extremely fragile, the dehydrated elytra were immersed in liquid
nitrogen for 8 min, and then the elytra were broken by hand
along the middle of the wing chordwise direction. The samples
were mounted on a SEM stage with graphite adhesive tape, and
the fractured cross sections of the samples were coated with
gold‐palladium. To avoid the surface impurities of the test
sample affecting the observation results, the nozzle of the
compressed air tank is used to remove dust from the samples
on the stages. Finally, the microstructure of the elytra was
observed and measured using SEM (Quanta200, FEI, USA) at
an accelerating voltage of 20 kV.

2.3 | High‐speed photography

To measure the 3D flapping patterns of C. buqueti, a motion
capture system consisting of a projection lamp and three high‐
speed cameras distributed around a customised studio frame, a
motion plane with sensors, a data processing system and a
signal transmission device was used. The custom frame was
covered with a blackout curtain to prevent noise and distur-
bance from external light during the experiments. The three
high‐speed cameras (Olympus, i‐SPEED 3, Japan) operate with
the computer to capture images simultaneously at 2000 fps with
a spatial resolution of 1280 � 1024 pixels. Considering the
typical flapping frequency of beetles' hindwings (30–70 Hz), the
frame frequency of the cameras was set to be sufficient to
measure several flapping cycles of the elytra. The calibration of
the cameras and the experimental procedures of fixing the live
specimens on the sensor are described in Ref [26, 27].

2.4 | 3D scanning

To analyse the flapping characteristics of the elytra of C.
buqueti, the 3D model of C. buqueti should be reconstructed
by reverse modelling technology to describe the kinematic
characteristics of the elytra. One specimen was randomly
selected from some surviving specimens with similar body
weight and morphological parameters [24]. The elytra were
separated from the wing root, and the sample was cleaned with
distilled water and allowed to dry naturally at room temperature.
To reduce the interference of laser data caused by the difference
in reflectivity, colour and curvature characteristics of the surface
of the sample during 3D scanning, the imaging agent (JIP145,
Japan) was gently sprayed onto the surface of the hind wing to
achieve a colouring effect. The elytra were scanned from the
dorsal side to ventral side using a 3D scanner (JTscan‐MS‐50,
China) to obtain point cloud data, as shown in Figure 1.

3 | RESULTS AND DISCUSSION

3.1 | Microstructure observation

The cross section of an elytron was obtained at 50% of the
spanwise length. The microstructure of the cross section and
ventral side surface (inner surface) of the elytra was observed
by SEM. As shown in Figure 2, the cross‐sectional
morphology of the elytra is a sandwich‐like hierarchical
structure with dense filaments in each layer. Long holes are
distributed in parallel along the wing spanwise direction of
the elytra, and the holes of the hollow structure may enhance
the impact resistance of the elytra and reduce the flight load
of C. buqueti. The cross section of the elytron has a camber,
and there are corrugations in the dorsal side surface (upper
surface). The camber and local corrugation may have a sig-
nificant effect on the aerodynamics of the elytra during the
flapping motion. The microstructure of the ventral side
observed densely sharp protrusions near the wing tips. First,
the sharp protrusions can prevent the rear wing from
popping out due to the stored elasticity of resilin during
folding, which plays the role of interlock. Second, the sharp
protrusions can increase the friction between the hind wings
and the elytra and reduce the number of reciprocating
brushings of the abdomen, which helps reduce the power
consumption of C. buqueti. Third, when C. buqueti falls
from the air, the sharp micro‐protrusions may weaken the
impact between the elytra and the hind wings.

Considering that in micrometre‐scale samples, the small
errors in the measured sample thickness can cause signifi-
cant differences in mechanical properties, and marking the
thickness of elytra by SEM can reduce measurement errors.
The elytra of C. buqueti are relatively thin. While observing
the microstructure with SEM, the size of the cross‐sectional
microstructure of the sample is measured more accurately
based on the high‐precision measurement function of SEM.
The average thickness of the elytra was 15 μm from

F I GURE 1 3D Scanning of the elytron
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multiple measurements. The measured thickness data con-
tributes to the reverse reconstruction of the 3D model of
the elytra.

3.2 | 3D reconstruction

The point cloud data of elytra were obtained by 3D scanning
technology. In reverse engineering Imageware software, the
noise points in the point cloud map of the elytra were removed
and the point cloud data was simplified. The Gaussian filter is
used to smooth the point cloud, and the dimensionality
reduction of the point cloud is performed based on the chordal
deviation method. The reverse modelling of the elytra surface
was carried out using the point cloud fitting surface method.
The reconstructed surface model is imported into Unigraphics
NX software for surface merging and thickening. The recon-
struction of the 3D geometric model of the elytron was
completed, as shown in Figure 3. To accurately simulate the
aerodynamic analysis of the flapping of the elytra, the thickness
value of the elytra model is the average thickness measured by
SEM in the thickening operation.

F I GURE 2 Microstructure of the cross section and inner surface of the elytra: (a) microstructure along the wing chordwise direction and (b) the sharp
protrusions distributed on the inner surface of the elytra

F I GURE 3 3D reconstruction process of the point cloud data of the
elytron
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3.3 | Kinematic properties of elytra flapping

To facilitate the wing kinematic modelling of the measured
flapping behaviour of the elytra from the video frames, a
reference coordinate system and the Euler angle describing the
motion of the elytra are defined, as shown in Figure 4. The
stroke plane is determined by the stroke plane angle β relative
to an axis perpendicular to the longitudinal axis of C. buqueti.
The deviation angle ϕ(t) is defined as the angle between the
line connecting the wing base and the wing tip and its pro-
jection on the stroke plane. The flapping angle θ(t) is defined
as the angle between the line connecting the wing base and the
wing tip and its projection on the horizontal plane. The flap-
ping angle θ(t) and the angle of attack α(t) are defined as the
angle between the line connecting the wing base and the wing
tip and its projection on the horizontal plane and the angle
between the local chord and the horizontal plane, respectively.
The angle between the longitudinal axis of the body and the
horizontal plane is defined as body angle ɛ.

To track a specific point on the elytra, we need to mark the
location to be detected. Hard markings such as thin metal films
and small paint droplets are not used on elytra. The fluorescent
dot markers, which are morphologically discernible features,
were used to allow C. buqueti beetles fly without external
disturbances. Considering that the elytra are different from the
flexible hind wing, three fluorescent spots are marked at the
wing tip, wing root and 50% of the wing spanwise length.
Among several techniques developed for reconstructing 3D
wing kinematics, a modified direct linear transform (DLT) al-
gorithm and visual image correlation methods are used
[28, 29]. The 3D positions of the fluorescent marks on the
elytra were obtained from the geometric position of marker
points through frame‐by‐frame analysis of the video. Video
editing software AVIedit 3.39 and image measurement soft-
ware Sigma Scan Pro v5.0 were used to process video frames.

The high‐speed camera observed that the elytra of C.
buqueti also flapped passively along with the flapping wing
motion of the hind wings. The duration of pronation and
supination during elytra flaps are approximately equal. The
elytra rotate a relatively modest angle, about 10°, during pro-
nation and supination. There were 29 frames for a single
stroke, which means that the frequency of the elytra was
67 Hz � 0.3 Hz. The elytra of the dung beetle H. hamadryas
showed better aerodynamic performance when the wing beat
frequency was 40 Hz [15]. Therefore, the contribution of the
wing beat frequency of the elytra to the stable flight of C.
buqueti cannot be ignored. The elytra and the hind wings are
always flapping synchronously in all wing beat cycles. The
high‐speed camera captured the forward flight velocity of C.
buqueti was about 2 m/s with zero degree of body angle. The
flapping wing characteristic of the elytra is a double figure‐
eight trajectory pattern, which is similar to the wing‐flapping
trajectory of the hind wings [26], as shown in Figure 5. The
crossing of a figure‐eight shape occur near both pronation and
supination in the flapping wing trajectory curves, which de-
termines the flapping pattern and aerodynamic performance of
insects [30, 31]. The intersection phenomenon is determined
by the twisting behaviour of the elytra upstroke to the highest
point and downstroke to the lowest point.

The flapping kinematics of the elytra of C. buqueti can be
described by Euler angles ϕ(t), θ(t) and α(t), and the variation
of the average angle of the five beetles is shown in Figure 6.
The accurate kinematic parameters of insect wings can provide
important data for the design of bionic wings and their flap-
ping flight studies. Moreover, the flapping wing test of robotic
wing is helpful to study the flight mechanism of insects, which
in turn guides the optimal design of flapping wing MAV.
Moreover, the flapping test of designing insect‐like robotic
wings helps to study the flight mechanism of insects, which in
turn guides the optimal design of flapping‐wing MAVs. It is

F I GURE 4 Wing kinematics description based on Euler angles. (a) The stroke plane angle β, (b) the flapping angle θ(t), (c) the deviation angle ϕ(t), and
(d) the angle of attack α(t)
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F I GURE 5 The flapping pattern of the elytra. (a) Flapping pattern of elytra photographed from top view, (b) flapping pattern of elytra photographed from
the front view, (c) flapping pattern of elytra photographed from the side view, and (d) flapping trajectory of elytra in the 3D view

F I GURE 6 Average angle curves of the five samples during flapping motion
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currently difficult to obtain detailed information on the pres-
sure distribution of flapping wings experimentally, and it is
impossible to obtain reliable estimates of the transient aero-
dynamic forces of insect flapping wings through momentum or
velocity analysis [32]. Therefore, it is very important to accu-
rately obtain the morphological parameters and kinematic
equations of wings. Compared with the hind wings, the flap-
ping angle of elytra is small but not negligible. Therefore, the
aerodynamic force generated by the flapping of the elytra may
be coupled with the aerodynamic force generated by the
flapping of the hind wings to complete the flight mission. To
explore the aerodynamic contribution of elytra flaps, the ki-
nematic equations of elytra flaps need to be accurately estab-
lished. Fourier coefficients have a good application in data
fitting of insect flapping angles [11, 17, 33]. The fitted curve
can intuitively reflect the variation law of flapping angle, which
facilitates the input of calculation functions during numerical
simulation. The general definition of Euler angles for elytra
flaps using the first four‐order Fourier terms is as follows:

AðtÞ ¼
X4

n¼0
½an cosðnKtÞ þ bn sinðnKtÞ� ð1Þ

K ¼
2πf c
2U

ð2Þ

where n is integer varying from 0 to 4 and t is dimensionless
time; K is the reduced frequency defined by 2fc/2U; f is the
flapping frequency of the elytra with an average value of 67 Hz,
and c is the mean chord length (reference length) of the elytra,
with an average value of 13.58 mm; U represents the reference
velocity of the wing tip of the elytron and is defined by 2ΦRf,
which is calculated as 1.12 m/s, where Φ is the flapping wing
amplitude of the elytron, which is 18°, and R is the length of
the elytron, with an average value of 25.76 mm; coefficients an
and bn represent the constant value of the Fourier equation.
The coefficients of the Fourier series used to describe the
flapping wing motion of the elytra for the three C. buqueti
samples are shown in Table 1.

3.4 | Numerical simulation of the elytra
flapping

The computational domain should be determined in a limited
space area during numerical simulation analysis. A smaller
airflow simulation environment can simplify the computational
task so that boundary disturbances can be considered insig-
nificant to generate reliable simulation results. The setting of
the boundaries of a compressible or incompressible fluid is
usually determined by the geometry of the object being
simulated. The shape and size of the bionic model determine
that the flight of C. buqueti belongs to an incompressible fluid,
and the cuboid is selected as the computational domain. The
lengths of approximately 5–10 times wing or 10–20 times
mean chord of insects are often taken as the reference to

determine the calculation domain [33, 34]. In this study, the
dimension of the computational domain is 0.3 m in length
(approximately 7 times elytron length), 0.36 m in width
(approximately 8 times elytron length) and 0.22 m in height
(approximately 5 times elytron length). The ANSYS ICEM‐
CFD software is used to mesh the geometrical model. A grid
of size 265 � 149 � 210 (about 8.3 million) is used for the
whole computational domain. The center of the computational
domain is meshed into a uniform fine grid. The volume mesh
and surface mesh of the computational domain are set as
0.01 m. The elytra mesh in the inner central area of the
computational domain is set to 0.0002 m. The time step size in
this study is 0.00,001 to ensure stable solutions obtained
throughout the simulation.

Reynolds number Re represents the ratio of inertial force
to viscous force and is defined as:

Re ¼
ρcU
v

ð3Þ

where ρ is the air density, and v is the dynamic viscosity.
CFD computations were conducted using the commercial

software Fluent (ANSYS Products 19.0). The Reynolds num-
ber is taken as 1041 in the simulation. Numerical simulations
were carried out with the help of the 3D incompressible un-
steady Navier–Stokes (NS) solver. The surrounding fluid
density is constant and incompressible when C. buqueti flaps
its wings, and a pressure‐based solver is used. The air density
of standard air condition is 1.225 kg/m3, and the dynamic
viscosity is 1.7894 � 10−5 kg/m. According to the experi-
mental observation, the forward flight speed of C. buqueti was
recorded as 2 m/s. The velocity inlet boundary condition is set
at the flow field inlet of the computational domain. At the
outlet of flow field, the outlet pressure boundary condition is
set. Relative pressure is set as 0 Pa and ambient atmospheric
pressure is set as 101,325 Pa. Both the surface of the bionic
model and the walls of the computational domain are set as
no‐slip boundary conditions. In this paper, the elytra are rigid
bodies, so the lift and drag coefficients are:

CL ¼
FL

0:5ρU2SW
ð4Þ

CD ¼
FD

0:5ρU2SW
ð5Þ

where CL and CD represent the lift coefficient and drag co-
efficient, respectively. SW is the projected area of the elytron in
the direction of motion, which is 0.276 � 10−3 m2.

To verify the accuracy of the CFD solver used in this
paper, a simulation of the flow field around the wing of the
Drosophila robot was conducted. The robotic wing mimics
the wing geometry and flapping motion pattern of
Drosophila [35] with a wing area of 0.0167 m2, and a span of
0.25 m, and average wing chord c = 0.0879 m. A non‐
uniform grid of size 181 � 241 � 181 was used in the
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computational domain of 30c � 30c � 30c to obtain domain‐
independent results. Figure 7 shows that our simulations are
in good agreement with Dickinson's experimental results.
This proves that the current numerical methods can accu-
rately predict the aerodynamic forces of the 3D flapping
wings.

In order to facilitate the investigation of the pressure
distribution of the dorsal surface, the variation law of the
surrounding fluid and the effect of the cross‐sectional
microstructure on the aerodynamic force were conducted.
Figure 8 shows the Q‐criteria vortex distribution (left col-
umn), pressure distribution (middle column) and streamline
distribution (right column) during elytra flapping. At the
beginning of the downstroke, the elytra rapidly pronate and
flap downward, and unstable vortices were observed on the
inner surface of the elytra as a result of their generation
during the previous upstroke and shedding into the down-
wash flow. Therefore, a positive pressure region (t/T = 0) is
formed on the inner surface of the elytra. The continued
downstroke of the elytra generates 3D vortex rings,
including a leading‐edge vortex (LEV), a trailing‐edge vortex
(TEV) and a wing tip vortex (TV). At the middle of the
downstroke (t/T = 0.25), the strong LEV generates a

negative pressure region on the top surface of the elytra,
while the TEV begins to shed towards the wing tip and
merge into the TV to form a vortex ring. During the early
downstroke (t/T = 0.55), the elytra flaps rapidly and en-
counters positive pressure on the top surface, at which time
the new LEV creates a negative pressure region on the inner
surface of the elytra. The pressure distribution near the wing
base is relatively stable and a little unstable near the wing tip.
In order to graphically describe the shedding and attachment
of the fluid on the surface of the elytra during the upstroke
and downstroke, the streamlines around the elytra are con-
structed. Streamlines near the leading edge and the wing tip
at the mid‐downstroke are shown in Figure 8. The spiral
streamlines grow in the spanwise direction from the wing
base to the wing tip. The streamline near the wing tip bends
and joins the TV. The low pressure on the dorsal surface of
the elytra can be clearly seen.

The wing surfaces of many insects have corrugations,
which result in defined aerodynamic mechanisms such as
delayed stall, rotational circulation, clap and fling and wake
capture. The corrugated airfoil of insect wing has much better
aerodynamic performance over the smooth airfoil [36–38].
The analysis revealed the superiority of the corrugated airfoil
over the flat‐plate in decreasing the deflection under the
applied load [36]. However, there are certain differences be-
tween their simulation model and real wings, whose simula-
tion model is zero camber and does not take into account the
microstructure of insect wings. The cross‐sectional micro-
structure of elytra of C. buqueti obtained by SEM is a
cambered morphology with local corrugations. With the in-
crease of the angle of attack, the fluid separates around the
elytra, but the corrugations of the leading edge of the elytra
prevents rapid fluid separation. The corrugations located near
the leading edge may be one of the main contributors to the
lift generated by elytra flapping. The lift coefficient and drag
coefficient curves of elytra in one flapping wing cycle are
shown in Figure 9. The calculated average lift coefficient and
drag coefficient are 0.152 and 0.029, respectively. In a flapping
cycle, the flapping of elytra produces a small drag
(FD = 0.006 g) and average vertical force (FL = 0.031 g). The
cambered airfoil structure of the elytra has advantages in
terms of aerodynamic performance because it generates a

TABLE 1 Constant term of the first
four Fourier series in the curve fitting

Samples a0 a1 a2 a3 a4 b1 b2 b3 b4

1θ(t) 12.283 9.084 −2.585 0.285 0.648 −2.631 −0.856 −0.554 −0.061

1ϕ(t) 14.669 −16.55 2.08 −0.229 0.027 2.118 0.689 0.281 0.049

1α(t) 5.282 0.307 4.994 −0.315 0.183 0.153 −1.589 0.447 −0.03

2θ(t) 11.91 8.811 −2.507 0.276 0.629 −2.552 −0.83 −0.537 −0.059

2ϕ(t) 14.376 −16.22 2.03 −0.224 −0.026 2.076 0.66 0.275 0.048

2α(t) 5.176 0.301 4.894 −0.309 0.179 0.15 1.557 0.438 −0.029

3θ(t) 11.546 8.54 −2.43 0.268 0.609 −2.437 −0.8 −0.521 −0.057

3ϕ(t) 13.349 −15.06 1.893 −0.21 −0.024 1.927 0.627 0.256 0.044

3α(t) 5.02 0.292 4.744 −0.299 0.174 0.145 −1.51 0.425 0.028

F I GURE 7 Lift production from present study and previous studies
on a robotic fruit fly wing

280 - LI AND ZHENG



high vertical force value (t/T = 0.0) at the beginning of the
downstroke. Therefore, the elytra of C. buqueti can not only
has the functions of protecting the hind wings and promoting

the folding and unfolding of the hind wings but also can be
coupled with the flapping of the hind wings to generate useful
aerodynamic force.

F I GURE 8 Isometric views of fluid changes around the elytra. (a) Time course of vortex development, visualised by the Q criterion, (b) surface pressure
distribution, and (c) streamlines distribution on the elytron surface at some typical time steps
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4 | CONCLUSION

In this paper, the functional morphology of elytra of C.
buqueti was investigated by high‐speed camera system, SEM,
3D scanning and reverse reconstruction technology and CFD
simulation technology. A modified direct linear transformation
algorithm is used to analyse the variation characteristics of the
elytra flapping. It is found that there is a non‐negligible Euler
angle change in the passive motion of the elytra, and the
flapping trajectory is a double figure‐eight pattern. The SEM
observation of the microstructure of the ventral side of the
elytra shows that the sharp micro protrusion plays a special
role in the folding and unfolding, self‐locking after unfolding
and anti‐collision after falling. Accurate 3D models of elytra
were obtained by 3D scanners and inverse reconstruction
techniques. The aerodynamic characteristics of the elytra
flapping were investigated based on a CFD simulator. During
the elytra flap, a vertical force of 0.94% of the beetle's body
weight is generated, and vortex ring phenomena such as LEV,
TEV, and TV appear. Therefore, the elytra of C. buqueti not
only have the function of protecting the hind wings and pro-
moting the folding and unfolding of the hind wings but also
can be coupled with the flapping of the hind wings to generate
useful aerodynamic force. Furthermore, the flapping trajectory
of the elytra suggests that C. buqueti may utilise the delayed
stall of the LEV, clap and fling, wing‐wing coupling, and the
figure‐eight motion pattern to generate unconventional aero-
dynamic forces.
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