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Abstract

An insect is an excellent biological object for the bio-inspirations to design and develop a MAV. This paper presents the
simulation study of the flight characteristics of the deployable hindwings of beetle, Dorcustitanus platymelus. A 3D geometric
model of the beetle was obtained using a 3D laser scanning technique. By studying its hindwings and flight mechanism, the
mathematical model of the flapping motion of its hindwings was analyzed. Then a simulation analysis was carried out to analyze
and evaluate the flapping flying aerodynamic characteristics. After that, the flow of blood in the hindwing veins was studied
through simulation to determine the maximum pressure on a vein surface and the minimum blood flow in flight. A number of
interesting bio-inspirations were obtained. It is believed that these findings can be used for the design and development of a
MAV with similar flying capabilities to a natural beetle.
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1 Introduction

MAVs have been a hot research topic for last 24 years. Compared with the traditional aircrafts, MAVs have a

number of advantages such as its small size, light weight, good concealment, flexibility, low cost and portability.
Currently, there are three main flight modes: fixed wing, rotor, and flapping. People designed and developed different
types of MAVs based on the bio-inspirations from flying creatures such as birds and insects''. Though there have
been some progress there are limited successful applications. One of the challenges is how to reduce the size of MAVs
under a low Reynolds number. It is believed that an insect is an excellent biological object for the bio-inspirations to
de- sign and develop a MAV. For example, it has been found that the wings of some insects, such as Dermaptera,
Coleoptera and Blattaria, become smaller by various folding ways to protect and maintain the functionality on ground
meanwhile to provide the necessary aerodynamics for flight® ! It is believed that if the similar mechanism of
insect wings’ folding is mimicked, MAVs’ wings are foldable and their performances can be considerably enhanced. A
MAV with foldable wings can be either large enough to carry a required payload when fully deployed or
transportable when folded and stowed!”.

It has also been found that a beetle can fly only if its hindwings are larger than its forewings (elytra). Hind- wings
are membranous, and they fold under the fore- wings at non-flying states®’. Adduction of beetles’ hindwings to the
body, accompanied by tucking the posterobasal wing sector or jugal lobe, is followed by semi-automatic transverse

folding™'"!. The unfolding/folding mechanism of beetles’ hindwings was investigated!"' '), such as four-plate-one-
spot folding mechanism!">"'® and diamond-shaped spring rotation center mechanism!'”. Tt is generally believed that

this is achieved by the combined effect of external forces (wing base, thoracic muscle) and vein characteristics (such as
vein discontinuities, venation change, and vein mem- brane elasticity)!®.. Additionally, the hemolymph runs within the
veins, assisting in the wings’ folding and unfolding movements''"® 2", The driving mechanism for hydraulic control
of the folding and unfolding actions of beetle hind wings was proposed and investigated!"*=").

Flapping-wing flight is a type of unsteady motion. Based on numerical simulation, the characteristics of flapping
kinematics of insect wing membrane were investigated® >*). A micro-genetic algorithm was used to numerically
reconstruct the free flight motion of hawk moths*®. Sun e al.*" adopted the Computational Fluid Dynamics (CFD)
method and found that the instantaneous lift peak enhancement has an important influence on the free flight or
hovering of insects and that high-lift-mechanisms are effective for flapping insects to lift their own weight in flight.
However, in most previous researches on flight dynamic simulations, the effect of beetle itself body feature is not
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considered. It is believed that to fully understand the aerodynamics of in- sect flight, especially with its simple wing
and body structure and high flying efficiency, it is required to not only study the principle and theory of the

unsteady high-lifting mechanism but also the impact of that mechanism on the model®"l. It is believed that the
further efforts should be made to study the above mentioned theory, principle and mechanism.

In previous work!* '] the efforts were made to investigate the various hydraulic forces in the unfolding process
and the hydraulic mechanism in veins of the hind wings in Cybister japonicus Sharp and Dorcus titanus platymelus
(Order: Coleoptera). However, the acrodynamic properties of deployable hindwings under hydraulic control has not been
fully studied, especially under semi-unsteady and unsteady flying condition. So this paper presents our research work on
the above area. D. platymelus is selected as the biological object due to its excellent flying capability with simple
wing-body structural mechanism and high efficiency.

In this paper, a 3D geometric model of the beetle is obtained using a 3D laser scanning technique. By studying its
hindwings and flight mechanism, the mathematical model of the flapping motion of its hind- wings is analyzed. Then
a simulation analysis is carried out to analyze and evaluate the flapping flying aecrodynamic characteristics. After that,
the flow of blood in the hindwings veins is studied through simulation to deter- mine the maximum pressure on a vein
surface and the minimum blood flow in flight.

2 Materials and methods

2.1 3D geometric model of the beetle

To accurately simulate the flight dynamic characteristics of D. platymelus, it is necessary to obtain its 3D
geometric model. It is important to choose a suitable scanner to digitize the beetle body and wings. The body of the
sample D. platymelus is about 7.6 cm in length and 7 cm in width with wing in full unfolding condition. With such as
dimension, considering the simulation requirement of flying dynamics of the insect, the scanner’s accuracy should be
in um range. So 3D Laser scanner, Scan3Dnow, made by Taiwan Zhitai Co. was selected for digitizing the insect.
The error of this scanning system is 20 um. Since the color of the insect body and wings are black and transparent,
respectively, to increase scanning accuracy and good identification effect, the insect body and wing were treated using
a dye check agent. After scanning, the point cloud of the insect and its hindwings were processed using IMAGEWARE
Surfacer to obtain the required geometrical data and 3D models (Fig. 1a).

It can be observed that there are bristly, scaly and hairy organs on the beetles’ hindwing surfaces, but these
structures are geometrically very small compared with the wing’s size. So in this paper, these micro-structures can be
ignored during the geometrical modelling, therefore, the surface model of the hindwing is assumed to be smooth.
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Fig. 1 (a) A 3D geometric model of D. platymelus and (b) the computational domain of the beetle model.

2.2 Computational domain for CFD

In a CFD analysis and simulation, a computational domain should be determined in a limited space region with
the required air flow simulation environment that is not too large so that the computation task is not too heavy and the
boundary interference can be considered as trivial to generate the reliable simulation results. In this paper, considering
the shapes and sizes of D. platymelus, a cuboid is selected as the computational domain. To the best of our knowledge,
there are limited published literature about how the criteria determine the relationships between the sizes of the
simulation object and computational domain in bionic engineering. Fortunately, the study of vehicle external
flow-field dynamics provides the valuable experience®”. Based on this study, in our simulation, the dimension of
the computational domain is 0.84 m in length (about 11 times the beetle’s characteristic length), 0.63 m in width
(about 9 times the beetle’s characteristic width) and 0.2 m in height (about 6 times the beetle’s characteristic
height), as shown in Fig. 1b.

2.3 Meshing 3D models for simulation

In this paper, the Hypermesh software is used to mesh the geometrical model. Considering the overall size of
the sample beetle, the beetle’s surface grid is set as 0.3 mm. The density of the mesh of its head tentacles and
hindwings is increased to achieve a greater precision, as shown in Fig. 2a. Three boundary layers are used on the surface
of the beetle, and the total element number on the body is 10275876, with the addition of a locally refined grid (Fig. 2b).
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Fig. 2 (a) Beetle surface computational model-3D grid; (b) locally refined grid.

2.4 Determination of boundary conditions

At the entrance of flow filed, the velocity inlet boundary conditions are established. Based on the find- ings of
Wang’s work on the flight characteristics of the beetle™”, flow velocity (v) is set as 0.3 m's ', 0.6 m's ', and 0.9 m's ™'
At the outlet of flow filed, the outlet pressure boundary condition is set. Relative pressure (Rel) is set as 0 Pa and
ambient atmospheric pressure (Ref) is set as 101325 Pa according to our previous experiments''”. The beetle’s
surface and other wall sur- faces are set as no-slip wall (the default setting for un- steady-state flow s1mulat10n). In
addition, the Shear Stress Transport (SST) k-o turbulent model is adopted, and the low-Re corrections model is used
for error correction. The SST k- model is used to capture the viscous flow based on the robustness of the k-® model.
The k- model is too sensitive to the inlet turbulence parameters. So in the mainstream area, the k-epsilon model can be
used to overcome this disadvantage of the k-o model and hence to improve the accuracy and reliability of the
simulation.

2.5 Mathematical kinematics analysis of hindwings flight

The hindwing of a beetle experiences small deformation during flapping because of its flexibility (it twists
into a spiral shape). But for MAVs design and development, this small deformation can be ignored™). So, the
hindwings of the beetle are simplified as smooth rigid plates that relatively rotate about the base of the hindwings. In
addition, the surrounding air is assumed to be incompressible because the flight velocityis low.

Fig. 3 shows a real insect wing’s tip trajectory during flight (space trajectory curve and body trajectory curve)
recorded using high-speed photography[34]. In the figure, the short line segments with directional arrows represent the
wing cross sections. The solid curve is the trajectory of a wing tip modelled by regressing the middle points of all
captured wing cross section line segments. It can be seen that the trajectory of the wing tip is similar to a sinusoidal
curve though there are some variations in the wave crests and troughs. However, the variation is relatively small. So it
is reasonable to as- sume that the trajectory of wing tip can be modelled as a sinusoidal curve in a projection plane.
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Fig. 3 The real wing tip trajectory of insect!

Based on the above discussion, the motion of the wing tip can be modelled as:

n=A-sin(wt +0) (1)

Where A is the amplitude, w=2zf and fis the flapping frequency, 6, is the initial phase, a constant.
The speed v of the wing tip can be obtained by differentiating Eq. (1):

v=A-a)-cos(at+0) ()
The angular velocity ¢ of wing tip is:

¢= cos(a)t +6) 3)

where L is the distance between the wing tips and the rotation axis, as shown in Fig. 4.
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Fig. 4 The rotation axis of the D. platymelus hindwings.

Based on the results of the body position tracking™¥, the flight parameters of the beetle are set as 4=2.5 mm,
L= 50 mm, & = 0°, ~40 Hz, and w=2nf=251.3 rad~s71, the kinematic viscosity coefficient of the air is v=0.15
cm’'s ', and the density of air is p=1.225x10" g-cm .

2.6 Numerical simulation of the blood circulation in a beetle’s hindwing veins

The distribution of the pulses on the hindwings of the beetle is shown in Fig. 5a. It is shown that the thinner end of
the pulse is a high pressure flow inlet, and the other end is a low pressure outlet. The hindwings are too thin; if the
support of the vein is removed, flight is impossible. Because the veins help support the hindwings, the hindwings can
flap at a certain frequency and with an amplitude and generate lift for stable flight. So it is also important to study the
blood circulation in a beetle’s hindwing veins.

Different grid types and qualities influence the accuracy of the simulation results. There are three factors that affect
the quality of a grid: the distribution of the grid nodes, the smoothness of the mesh transitions and the shape of the grid.
A reasonable density distribution of the grid nodes is based on the characteristics of physical field under consideration.
The smoothness of the mesh transition is based on the different properties of the material. The change in mesh size on the
boundary surface cannot be too large since the truncation errors can accumulate to unacceptable level if this change is
too big. The most commonly used way for evaluating a grid is aspect ratio; the quality of the unit increases as the ratio
approaches 1. The geometric model is introduced into Hypermesh and a grid mesh is generated, as shown in Fig. 5b.

(a) (b)
Fig. 5 (a) The pulse distribution; (b) vein grid of beetle hindwings.

The mass flow inlet boundary was used for import end, and the mass flow rate M is set to 8x10'* kg's™', 2x10™°
kg's !, 4x107kg's ™!, 6x10 7 kg's !, 8x10  kg's |, 1x10 " kg's™', 2.5x10  kg's ', 5x10  kg's ™', 7.5x10"° kg's ', and
1x107 kg-sﬁl. The outlet pressure boundary was adopted for export, and the outlet pressure is 6 Pa. The slip wall
boundary was used for the vein wall.

3 Results

3.1 Flight simulation of beetle at quasi-steady state

To obtain accurate results from the turbulence model, the generation of the boundary layer mesh is one of the most
important tasks”®”). The grid in the boundary layer plays an important role in obtaining the accurate simulation results.
So it is necessary to insert several boundary layers near the wall. The normal distance between the wall and the first
layer grid is determined by [*°):

i (4)



where, v is the kinematic viscosity coefficient, m*'s™'; y'is the dimensionless distance from the first layer grid to the wall.
u, is the friction velocity.

For SST model combined with the k-¢ model, the allowable value of y* is approximately 1°°. While the values

of y" for the three speed conditions are all less than 1, as shown in Fig. 6. From the simulation results, it can be seen that
the grid size of the body and hindwings near wall conforms to the requirements of the simulation. It is not required to
further increase the density of the mesh or shrink the size.

From CFD simulation results, it can be seen that the areas of the positive pressure zone of the head and the negative
pressure zone of the tail increase with the beetle flight speed, as shown in Figs. 7a—7c. A beetle’s head have a positive
pressure area because the head bears the direct pressure of the air flow. However, the tail of the beetle is separated from
its surface at the stalling point and will cause separation of the airflow and strong disturbances. Hence, the tail of a
beetle will produce a negative pressure zone. With such a pressure distribution, a beetle can fly faster due to the larger
negative pressure area of the tail (Figs. 7d—7f). This is a valuable bio-inspiration when studying the flying dynamics
and mechanism for the design and development of MAVs.

The maximum surface pressure of the wing is 2.6 Pa while the minimum surface pressure is —5.63 Pa in a period.
That means the blood pressure of vein must be greater than the maximum pressure on the surface of the beetle
hindwings, including the positive and negative pressures, so that the hindwings can flap and produce stable flight.
This is another important bio-inspiration for designing the power system of wings of MAVs.

Fig. 7 Pressure distribution on the surface (a—c) and the velocity distribution of the middle section (d—f) of D. platymelus under the
velocities of 0.3 m's ', 0.6 m's ' and 0.9 m-s .



Table 1 The lift of D. platymelus when the hindwings fully are expanded under different flying speeds

velocity (m's™) 0.3 0.6 0.9

Lift (N) 8.59x10% 2.32x10° 4.53x10°

Table 1 lists the lifts on the beetle when the hind- wings are fully expanded. From the simulation results, it can also
be seen that the lift force of the insect under quasi-steady state is much less than its own gravity (56.15 mN), so it cannot
produce enough aerodynamic lift force required for flight. Therefore, it can be concluded that insects use unsteady air
currents to produce lift for flying. From Table 1, the maximum lift is 8.59x107% N. So the beetle does not meet the flight
conditions. This findings conform to the findings of other studies on flying under steady flow condition at low Reynolds
number range 2”7, Wootton [!?! suggested that the flying capabilities and various flight skills of insects are mostly due
to that there are various wing types and complex wing movement patterns. Their wings with high flapping frequency
and diverse motion patterns in flight will produce the local unsteady airflow that is different from ambient air. So it is
important to fully understand the effect of the unsteady-state aero dynamics on beetle flying performances, its flying
mechanism and characteristics. Therefore, section 3.2 presents the simulation of deployable hindwing of D. platymelus
with hydraulic veins in unsteady state.

3.2 Flight simulation of beetle at unsteady state

According to Eq. (1), the motion of the wing tip can be considered as a sine function, during a cycle (7). When =0,
the surface pressure changes over the body and wing surfaces of the beetle. The pressure under the surface of the
hindwing is the largest (Fig. 8a). When =774, the maximum pressure position on the lower surface of the hindwing
gradually move towards the direction of the hindwing tip (Fig. 8b). At =1/2, there is a negative pressure under the
surface of the hindwing (Fig. 8c). At =3T/4, the range of the negative pressure of the lower surface of the
hindwing further in- creased and the value of this negative pressure is —5.27 Pa (Fig. 8d).
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Fig. 8 The surface pressure distribution of D. platymelus hindwings during a flight cycle (+=0, 7/4, 7/2 and 37/4).

For flat or twisted finite rotor blades or low aspect ratio wings however, the lift coefficient (Cp(r), r is the
velocity of the wing at any span-wise location) may be substantially affected by a local variations in sectional inflow
leading to a span-wise variation in effective angles of attack from base to tip. This effect has to be determined by



empirical measurements”>®. In this paper, the hindwings is considered as a rigid body, so the lift coefficient (Cp)""!
of D. platymelus is

¢, = # (5)
~pU*S
The drag coefficient (Cp)** of D. platymelus is
Cp= % (6)

where, Fis lift force, Fp is drag force, S is the projected area along the flight direction, and U is flapping velocity. When
the beetle is in flight, its speed is variable.

Fig. 9 shows CL and Cp in the flapping cycle of insects over time. When the computation time is more than 13
cycles, the periodic change of lift and drag forces become stable. When the beetle first begins to fly, CL. changes
dramatically. The Cy curve is similar to the sine curve though the peak decreases slowly and gradually becomes stable.
In one cycle, wings have two Cp peaks: one is in the first half cycle of flapping, namely in the process of its flapping up;
the other is in the second half cycle, namely the process of flapping wing flutter. The second peak is significantly
greater than the first peak. It is necessary to point out that in the up and down of flapping, the two peaks alternately
presents. Since the flapping cycle is very short, beetles get more stable lift force in flight. This is the important bio-

inspiration learnt from beetle flying. That means that the flying mechanism of MAVs should be able to produce an
alternative lift force in a short flapping cycle.
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Fig. 9 The change of Cr and Cp with time for the D. platymelus hindwings.

In order to analyze whether the lift force obtained by numerical simulation is bigger than the gravity of the beetle in
suspension, the force acting on the beetle in one cycle is analyzed. By simulation, the average C; of one cycle is 1.08,
U=0.58L$,=10.84 m-s'%. One beetle hindwing area is 26.15 cm®>. When beetle completely extends its hindwings
during flight, this value can be used as its projected area. The lift force produced by each wing bears half of the weight

1
of the beetle. So $=52.3 cm?, F} can be calculated by Eq. (5), F, = 5 pU?SC , = 376.42 mN. The weight of the

beetle is about 5.73 g. So, FT will be about 6.70 times the weight of the beetle. Therefore, the lift force is more than
the weight of the beetle in suspension flying.

From the above analysis, if a MAV is designed from the findings of this simulation study, it is possible that this
kind of MAV may have a considerable payload capability, as discussed in Ref. [7].
3.3 Simulation of the blood circulation in the vein of beetle’s hindwings

Sections 3.1 and 3.2 present the simulation resultsof the flying acrodynamics of D. platymelus, especially its
hindwings and find that there is a relationship be- tween the lift force and blood circulation in the vein of beetle’s
hindwings. So, this section presents the analysis of the relationship between blood flow and vascular surface pressure. In
Fig. 10, when the blood mass flow at the entrance (M) is 8x10"? kg'sfl, the maximum pressure on the surface of the
vein (Pymax) 1s only 6.0585 Pa. As M, decreases, Pymax decreases and the pressure at the inlet side decreases as well.
When M, is zero, Pymax 1s only 5.998 Pa, lower than the outlet pressure. Under that pressure, the blood will flow in the
opposite direction which is impossible situation. So the minimum of M, could not be zero. In contrast, as M,

increases, Pymax increases linearly. The relationship between Py, and M. can be regressed as linear. The linear
regression function is



P =0.0736M,+5.998 (10)
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Fig. 10 The maximum pressure on the surface of the vein (Pyp,,) changing with the blood mass flow at the entrance (M).

For M. = 1x10""kg's ', the pressure distribution on the surface of the vein is shown in Fig. 11. As shown in Fig. 11,

the entry side pressure is the largest (13.3147 Pa). As the blood flows in the vein, the surface pressure of the vein
decreases, and when the blood reaches the outlet, the pressure on the surface of the vein is the same as that of the outlet

(6 Pa).
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Fig. 11 The distribution of the surface pressure on the vein.
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4 Discussion

A lot of efforts have been made to employ the scientific and rigorous research methods and technologies for
investigating the flight mechanism of insect in recent years. For example, the trajectory of wing tip was captured'*'
and the unsteady flow of wings caused by wing’s flutter was investigated**!. These findings can be used to explain
the special phenomena of the high lift force generation of a flying beetle. But the current re- search is still in its infancy.
To the best of our knowledge, there is not a complete set of systematic theory to explain the mechanism of insect
flight including unsteady aerodynamics of insects’ flight, flying control mechanism, characteristics of wings’ motions
and changes of airfoil, efc. The key point of the fully understanding of flapping flying principle is the knowledge of how
a beetle uses the above features to achieve the flapping flight. This kind of knowledge can help us to design and develop
a MAV that can fly like a beetle.

Our current understanding of flight control of in- sects with deployable wings is very limited. The perceptual
knowledge from the data acquired from experiments is the necessary foundation for understanding the beetle flapping
flight. But it is impossible to fully understand why a beetle can fly efficiently and has a big payload capability only
through time-consuming and expensive experiments. Under beetle’s specific flying condition, the specific lift force on
the wing is needed. To provide the lift force, the blood needs to flow at specific rate, which contributes to specific
pressure on the vein surface.

In order to establish the reasonable theory and principle of beetle flapping flying, it is important and necessary to
carry out theoretical analysis and numerical simulations. However, this is a challenge and very difficult task. Despite the
existing 3D models and simulation models of the beetle flying cannot represent all insects with deployable wings in
nature, it is worthy to obtaining some findings about the mechanism and characteristics of flapping flight of beetles.
This effort will eventually lead to the design and development of a MAV with similar flying capabilities with a natural
beetle.

From our simulation study of semi-steady and un- steady flapping flight of D. platymelus, the following bio-
inspirations can be learnt:

(1) A beetle’s head has a positive pressure area. However, the tail of a beetle produces a negative pressure zone.



With such a pressure distribution, a beetle can fly faster due to the larger negative pressure area of the tail (Figs. 7d-71).
This is a valuable bio-inspiration when studying the flying dynamics and mechanism for the design and development of
MAVs.

(2) The blood pressure of vein of the beetle must be greater than the maximum pressure on the surface of the beetle
hindwings, including the positive and negative pressures, so that the hindwings can flap and produce stable flight.
This is an important bio-inspiration for designing the power system of wings of MAVs.

(3) From our simulation results, it was found that two peaks of Cp alternately appear in flapping down and up
process. Since the flapping cycle is very short, beetles get more stable lift force in flight. This is an important bio-
inspiration learnt from beetle flying. It means that the flying mechanism of MAVs should be able to pro- duce an
alternative Cp in a short flapping cycle.

(4) Under the unsteady flying state, the generated lift force is more than the weight of the beetle in suspension
flying. So, if a MAV is designed based on the bio-inspirations from this simulation study, it is possible that this kind of
MAV can have a considerable payload capability. This consists with that found in Ref. [6].

5 Conclusion

This paper presents the simulation study of the flight characteristics of the deployable hindwings of beetle, D.
platymelus. A 3D geometric model of D. platymelus was obtained using a 3D laser scanning technique. By studying its
hindwings and flight mechanism, the mathematical model of the flapping motion of its hindwings was analyzed. Then a
simulation analysis was carried out to analyze and evaluate the acrodynamic characteristics of flapping flight. After that,
the blood flow in the hindwing veins was studied through simulation to determine the maximum pressure on a vein sur-
face and the minimum blood flow in flight. A number of interesting bio-inspirations were obtained, as discussed in
section 4. It is believed that these findings can be used to design and develop a MAV with similar flying capabilities with
a natural beetle.

It was observed that the structure of a beetle’s hindwing is flexible. That means that there should be some micro to
smaller-level structural movement during flying. This kind of movement may play a considerably important role in
beetle flying, such as changes of the aerodynamic characteristics in wing-air system, which could lead to the higher lift
force on wings, reduced air resistance. This might be the area for the future research. It is believed that some meaningful
bio-inspired findings can be obtained for future MAV design and development.
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