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Interaction of the elytra and hind wings of a
rhinoceros beetle (#rypoxylus dichotomus)
during take—off
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Department of Mechanical & Aerospace Engineering

Seoul National University

Abstract

The elytra are a pair of hardened wings that cover the abdomen
of a beetle to protect beetle’s hind wings. During take—off, these
elytra open and flap in phase with the hind wings. We investigated
the effect of the elytra flapping on the beetle’s aerodynamic
performance. Numerical simulations are performed at Re=17,000
(based on the maximum velocity at wing tip and the mean chord
length of the hind wing of a rhinoceros beetle during take—off)
using an immersed boundary method. The simulations are focused
on take—off, and the wing kinematics used are directly obtained
from experimental observations using high speed cameras. The
simulation results shows the three—dimensional vortical structures
generated by the hind wing of the beetle and their interaction with
the elytra. The presence of elytra has no effect on the lift
generated by the hind wings, and the lift force on the elytra

themselves is negligible.
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Chapter 1

Introduction

Since the late 1990s, micro aerial vehicles (MAVs) have
attracted interest in the field of engineering and science. A typical
MAYV has a wing span of less than 15cm, a mass of less than 100g,
and flyers at Reynolds number of less than Re=100,000 . At this
flow regime, a fixed wing loses efficiency, however flapping wings
become more efficient due to the unsteady flow mechanisms
(Spedding & Lissaman, 1998; Ho et al., 2003). Therefore a flapping
wing is the preferred propulsion method for small flyers such as
MAVs,

In 1996, Tennekes suggested a universal law relating the wing
loading to the weight of a variety of flyers including flying insects,
birds and airplanes. The definition of wing loading is defined as the
weight of the flying object over the wing area. Assuming that flyers
have geometrically similar shaped wings, the law relates the wing
loading to weight of the flying object using the 1/3 power law.
According to this law, species of dragonflies, such as, the green
dragonfly and the yellow—banded dragonfly, have relatively low
wing loading. On the other hand, species such as, the rhinoceros
beetle and the fruit fly have relatively high wing loading. A larger
wing loading allows the flyers to carry a larger payload, therefore it
increasing the economy of the mission (Ho et al, 2003). The
rhinoceros beetle is one of the heaviest species and it has the
highest wing loading among the flyers that satisfy the weight and

size requirements of MAV.



There have been many attempts to explain the unsteady flow
mechanisms related to flapping wings. One of most important
factors affecting its aerodynamic performance is known to be the
leading edge vortex (Birch & Dickinson, 2001; Ellington ef al,
1996). It is the helical vortical structure that forms at the upper
surface of wing’s leading edge during the translational motion that
creates the low pressure region above the wing surface. Lu et al,
described in detail the generation and breakdown of the leading
edge vortex for the case of dragon fly. Delayed stall mechanism
prevents the immediate separation of leading edge vortex even at
high AOA, therefore increasing the lift force during the translational
motion (Ellington 1984). During the stroke reversal, there are other
unsteady flow mechanisms considered to be important. Added mass
is a force term related to the acceleration of the wing. Having high
acceleration during the stroke reversal leads to a sudden increase
in lift and drag forces (Sun & Tang 2002). In 1999 Dickinson
suggested the wake capture mechanism, which demonstrates that
the sudden increase in lift force during the stroke reversal is
caused by the wake generated from the previous stroke. Many of
the studies consider the flexible wing. Medina et a/., elucidated the
effect of wing root and tip flexibility by introducing prescribed
deformation at low Reynolds number (~10%) resulting in decrease in
lift coefficient, however increase in efficiency.

In the present study, the interaction of the elytra and hind wings
of a beetle during take—off has been considered. Horizontal and
vertical forces generated by the hind wing are compared for the
case with and the case without the presence of elytra. Code
validation has been completed by comparing the circulation values

with the experimental results at three different phases.
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Chapter 2

Numerical Details

2.1 Numerical methods

Numerical simulations were performed on two pairs of flapping
wings; the elytra and the hind wings. In the present study, the
take—off mode from an upright standing rod was considered. An
immersed boundary method (Kim, Kim & Choi, 2001) was used to
analyze the flow characteristics around the elytra and the hind
wings of a beetle. This method satisfies the no—slip condition at the
moving body surface by including momentum forcing term and mass
source/sing term to the Navier—Stokes and continuity equations.

The resulting governing equations are given as

ou 1
—+V-(uu)=-Vp+—Viu+ f, 2.1
ot ( ) P Re Y’

Vu—g=0, (2.2)
where p is pressure, f is momentum forcing, ¢ is mass
source/sing and v is the flow velocity. A direct numerical simulation
was performed, which requires no turbulence modeling. The
simulations were performed at Reynolds number of 17,000 based on
the mean chord length and the maximum hind wing velocity at the

wing tip of an actual rhinoceros beetle during take—off.

2.2 Computational domain and boundary conditions

In order to obtain the morphological data of an elytron, a 3D



scanning technique was adopted. Then, a ray—casting method was
applied to implement the 3D scanned elytron into the computational
domain. The hind wing was modeled as a rigid flat plate. Figure 2.1
shows the morphological features of the elytra and the hind wing,
and the wing configurations of a beetle and their relative wing
positions during take—off. The lengths of the hind wing and the
elytron are 3.3¢ and 1.6c¢C respectively, where ¢ is the mean
chord length of hind wing, which is 15.6mm. The body of the beetle
1s tilted towards the ventricle side during take—off, so, the root of
elytra is positioned directly above the root of the hind wing.
Differences in their wing root positions in y—direction and x—
direction are 6mm and 3mm respectively. Figure 2.2 shows the
computational domain and the implemented elytron and hind wing.
Wing motions are determined using three angles, which are the
flapping angle, the pitching angle and the deviation angle. The
flapping angle is the rotation of a wing about the z—axis. The
pitching angle is the rotation of a wing about its pitching axis. In this
study, the pitching axis is defined as a line connecting the root of
the wing to the wingtip. The deviation angle is the angle between
the pitching axis and the stroke plane angle. In this study, the
stroke plane angle is assumed to be zero as its angle is close to
zero and its variation is also minor. Therefore the stroke plane is
same as the xy plane. The definition of each angle is illustrated in
figure 2.2. For the boundary conditions, symmetric boundary
condition was applied on the left wall. Therefore it assumes that
two pairs of wings are flapping symmetrically about the left wall. On
the other walls, far—field boundary conditions were applied. The
size of the computational domain 1s
-l<x/c <30, -30<y/c <20, -25<z/¢c <25 . The number of
4



grid points are 545X289X293 in x—,y—, and z—directions
respectively. The total number of grid points are 46 million. The
grid dependency test had been performed beforehand at Reynolds

number of 17,000, as explained in section 4.2.

2.3 Wing kinematics

To perform the numerical simulations, directly measured wing
kinematics were implemented to describe the motions of the wings.
Wing kinematics during take—off were measured by Lee et al,
(2015). Figure 2.3 shows the original wing kinematics data. In
order to utilize the original data, quintic smooth spline was applied
to connect the dots. Quintic spline uses 5th order polynomial for the
angular position in order to make the angular acceleration the 3rd
order polynomial, therefore the angular acceleration varies
smoothly at every point. It is important to have the smooth
acceleration terms as the ‘added mass’ term, which is determined
by the acceleration, is one of the significant factors that affects the
lift and drag forces of flapping wings ().To minimize the random
error that arises from the measurements, Gaussian filter is adopted.

The average stroke amplitude of the hind wing over four periods
is 172.6 ° and its flapping frequency (f) is 41.7Hz. The mass of
the beetle used for the measurement of the wing kinematics is 5.9g.
The hind wing’s deviation angle is nearly constant for the 3" and 4™
strokes, and the pitching motion of elytra is negligible, therefore
those two angles are assumed to be constant as O° and 90 °,

respectively.



TOP VIEW SIDE VIEW

FIGURE 2.1 Morphological features of an elytron (top left) and a
hind wing (top right), and their relative position during take—off

(bottom).
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Chapter 3

Numerical Results and Discussion

3.1 Vortical structures and force coefficients

Figure 3.1 shows the vortical structures based on A2 criterion.
It shows the leading edge vortex attached on the upper surface of
the hind wing and the wing tip vortex generated at the wing tip.
Vortical structures are generated around the elytra, however its
size and strength is minor compared to the ones generated from the
hind wing. Vortical structures generated from the hind wing of the
rhinoceros beetle exhibit more turbulent characteristics compared
to that of dragonflies (Kweon, 2010).

Figure 3.3 shows the vertical and horizontal force coefficients
generated by the hind wing and the elytron. The solid line, dashed
line and dotted line represent the force coefficients generated by
the hind wing with the presence of elytra, without the presence of
elytra and by the elytra themselves respectively. The vertical and

horizontal force coefficients are defined as

F
C,=—7"—
I (3.1)
= pU’S
P
F
C,=—"—
I (3.2)
= pU’S
5P

where [;.and Fj are vertical and horizontal forces respectively, p
is the density of air, and S is the wing surface area.
Most of the lift force is generated by the hind wing, while the
9



elytron is generating negligible lift force. Figure 3.3 shows the
phase averaged vertical force coefficients of the hind wing. The
average vertical force generated by the hind wing over four periods

1s the same regardless of the presence of the elytra. For both
cases, EV:O. 148 . The reference velocity 1is defined as
U=nrg, fc~20.4m/s, where ¢ is the stroke amplitude, and f is
the flapping frequency. The produced vertical force generated by a
pair of hind wings can be calculated using the equation (3.1).
FV :,OUZSC_‘V =61 3mN, where S is the wing surface area of a pair of

hind wings, which is 16.2 cm?. The weight of the beetle used for the
measurement of the wing kinematics is 57.8mN. Therefore enough

lift force is generated to lift up the beetle.

3.2 Iso—pressure surface

In order to study the pressure distributions around the wings of
the beetle, iso—pressure surfaces are drawn. Figure 3.2 shows the
1so—pressure surface viewed from the upper surface of the hind
wing during translational motion. The upper three pictures show the
iso—pressure surface with the presence of elytra, and the lower
three show the iso—pressure surface without of the elytra. The
iso—pressure surface represents the region of p’=—1.5, where p"is
the non—dimensionalised pressure. The results were compared at
three different phases; the acceleration phase, mid—stroke phase,
and deceleration phase. Regions of iso—pressure surface are
comparable for the cases with the elytra and without the elytra.
Therefore the formation of low pressure regions on the upper
surface of the hind wing is undisturbed by the presence of the

elytron.

10



3.3 Vorticity fields at the cross—sections of the hind wing

We have examined the vorticity fields at the cross—section of
the hind wing at various span—wise distances to further analyze the
interaction between the elytra and the hind wing. Generation and
disappearance of the leading edge vortex can be seen throughout
the strokes. The vorticity fields near the hind wing are nearly
identical with the elytra present and with the elytra absent. Figure
3.4 shows the contours of the instantaneous span—wise vorticity at
a span—wise location of R=0.25r during the pronation. The elytron
and the hind wing are in close proximity during the pronation,
however the generation of leading edge vortex remains undisturbed.
Therefore we may conclude that the disturbance caused by the
interaction between the elytra and the hind wing to the generation

of the leading edge vortex is negligible.

11
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elytra (lower)
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Chapter 4

Code Validation

4.1 Experimental setup

In order to validate the numerical simulation results, they were
compared with the experimental results. The experiments were
performed by Sehyeong Oh (2015). Figure 4.1 shows the
computational domain and experimental setup used for validation. In
this case, only the hind wing was considered and modeled wing
kinematics were used for ease of analysis as shown on figure 4.2.

Wing kinematics were modeled using trigonometric functions given

as
4 . t
t)y=-—sin| 27— 4.1
$(1) 5 ( T) (4.1)
2
Eﬂ, 0<t/T<0.15
Tr 5 . t
—+—uzsin| Sz| —=-0.25 ||, 0.15<t/T<0.35
2 18 T
7
) ) T<0.
o(t) 97[, 035<t/T<0.65 (1.2)
T 5 . t
—-—uzsin| Sx| =-0.75 ||, 0.65<t/T<0.85
2 18 T
2
;ﬂ', 0.85<t/T<1.0

where ¢ is the flapping angle and @ is the pitching angle. The

deviation angle is assumed to be constant value of O ° .
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4.2 Validation result

Initially, a grid dependency test was performed to ensure the
consistency of simulation results with the variation in grid numbers.
Three different numbers of grids were tested, those are 26,899,419
(NX,N)_,NZ) =417>X251 X257, 46,148,965 (NX,N},,NZ) =545X293 %289

and 78,168,431 (NX,NJ_,N;)=737><367><289 grid points. Figure 4.3

shows the result of the grid dependency test. The resulting vertical
and horizontal force coefficient graph exhibits similarity in their
trend and an integral error of less than 1% for both vertical force
and horizontal force coefficients between each number of grid
points used. Therefore it is considered that enough grid points were
used.

Secondly, numerical simulation results are validated with the
experimental results. The strength of leading edge vortex 1is
compared at a span—wise distance of r=0.5R. At this span—wise
distance, it is expected that the strength of leading edge vortex is
the maximum. At a further distance along the span—wise direction,
the leading edge vortex detaches from the upper surface of the
wing during the stroke, therefore comparison becomes more
difficult. At a shorter span—wise distance, near the root, the
translational velocity is lower; therefore the strength of the leading
edge vortex becomes weaker.

The results were compared at three different phases; those are
the acceleration phase, mid—stroke phase and deceleration phase.
For the comparison, phase averaged data were used. In order to
identify the region of leading edge vortex, we have defined the

region where A2 < 0 and @, > 0. Thus the region of interest

shows the vortical structure of positive vorticity and eliminate

17



vorticity arises from wall shear (A2 = 0) and trailing edge vortex

(w, <0). Figure 4.4 shows the leading edge vortex identified from

the results from the experiment, and from the numerical simulations
at three different phases: the acceleration phase, mid—stroke phase,
and deceleration phase.

The graph on figure 4.4 shows the circulation values obtained
from the experiment (['ex,) and from the numerical simulations
(I"wum) at three different phases. It shows that the circulation values
obtained from the numerical simulations are in good agreement with
the values obtained from the experiment. The maximum error is 9%.
The maximum error occurs at the acceleration phase. Two hundred
eighty instantaneous fields were used for the phase averaging of
experimental results, whereas only seven were used for the
numerical simulation results. However, figure 4.5 shows the
variation of circulation values with the different number of

instantaneous fields used is only minor.

18



Computational domain

10¢

Experimental setup

[ )& Servo motors
i 4
‘C(D-axial shaft,
195 _
= Wi t —
0.5 ing roo _
y 4 /m 50c
At,_.ié(_)_ i (293) Geaﬂzk
I
33c] ! . 1800)
< E =E Wing  (=29¢
v model
,/v
/ 50c 1800
545 ~
— (545) (~29¢)
(289) 1800
(~29¢)

FIGURE 4.1 Computational domain and grid distribution for the code

validation and grid dependency test (left) and experimental setup

for the code validation (right)

19



-100

ROAL

Flappingiangle

DOW“? L%Jpstrokeg

4. StrOkE ................. ..................... fros

%

e P|tchmgangle

éDown
stroke

0.0 0z 0.4 08

/T

08 1.0

FIGURE 4.2 Modelled wing kinematics implemented for the code

validation case and grid dependency test

20



025

1
0.9

1
Phase (t/T)

02

CH

_0-2 1 1 1 1 1 1 1 1 1 J
0.5 0.6 07 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Phase (/T)
—— 27 million === 46 million 78 million

FIGURE 4.3 vertical force coefficient (upper) and horizontal force

coefficient obtained for the grid dependency test (lower)

i 5 A& o) 8t 3w



Middle of downstroke
¥T=1

Translational motion

Deceleration
tvT=1.12

Angle(®)

77

0.9617

num.

Flapping

1, 1.0129

0.9397

0.1120 J 0.1234

p. 4
angle /
1 1
1 105 11

Al

22

1.15

FIGURE 4.4 Leading edge vortex identification at the cross—section
of the hind wing (upper), and a graph showing strength of leading

edge vortex at three different phases (lower)

o
=
o
=
o
=
o
3
il




1.4

| A, —a — A = -
[ v ———— & - A
c
<]
= . /
X Deceleration phase
(=)
=
(&)

05

Acceleration phase

v

¥

o o
o o
1 1

w - O

o - @
[0}

4 5
number of instantaneous field

FIGURE 4.5 Variation of circulation values with different number of

instantaneous field is used for the phase averaging

23



Chapter 5

Summary and Conclusion

Numerical simulations were performed to analyze the flow
characteristics around the flapping wings of a beetle. With the wing
geometries and wing kinematics implemented, it was found that
enough lift force was generated to support the weight of the beetle.
During take—off, having elytra makes no difference to the
generation of vertical and horizontal forces. Therefore the motions
of the elytra do not affect the aerodynamic performance of the hind
wing during take —off.

The primary function of the elytra is the protection of the hind
wing when not flying. Therefore it would be advantageous for a
beetle to have elytra as they protect the hind wing when folded, and
they do not disturb the lift force generated by the hind wing during
the flight.
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