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Abstract

We investigated the aerodynamic characteristics of a beetle in a takeoff flight by measuring the temporal and spatial changes in body
and wing behaviors. In particular, three-dimensional trajectories and/or deformations of rigid outer wing (elytron) and highly flexible
inner wing (hindwing) were measured with three high-speed cameras (at 2000 fps) and reconstructed for the analysis using a modified
direct linear transform algorithm. From an inclined rod, the beetle is observed to perform a takeoff flight without the aid of legs, i.e.,
jumping. Although the elytron is flapped passively induced by the hindwing motion, it is found to have non-negligible flapping ampli-
tude and angle of attack, indicating that the aerodynamic force generation by the elytron itself would be influential. Furthermore, the
measured trajectories of an elytron and hindwing imply that the beetle may utilize well-known mechanisms such as a delayed stall, clap-
and-fling, wing-wing (elytron-hindwing) interaction, and figure-eight motion. Finally, the flexibility of a hindwing affects the heaving
motion (out of the stroke plane) most significantly; i.e., the local variation of the deviation angle along the wing span is more pronounced

compared to that of flapping angle and angle of attack.
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1. Introduction

The aerodynamic characteristics of insect flight have been
investigated vigorously due to the unconventional mecha-
nisms of aerodynamic force generation achieved by sophisti-
cated control of the wing kinematics, and possible transfers to
designing small-scale flight vehicles. Quite a few studies have
shown that slight changes in unsteady wing trajectories and
deformations may cause significant variations in the aerody-
namic performance of flapping wings [1-3]. Several mecha-
nisms such as delayed stall, advanced rotation, rotational lift,
wake capture, clap and fling, figure-eight motion and wing-
wing interaction are now accepted, despite some discrepancies
in the details, as causes for a high lift force generation [1-7].

Toward understanding the physics behind insect flights,
many different kinds of flying insects such as fruit fly [1, 8, 9],
dragonfly [2, 10, 11], hawkmoth [5, 12] and butterfly [6, 13,
14] have been selected as a research target popularly, partly
due to relatively easy access to them. On the other hand, the
flight of a beetle has received less attention and thus not been
studied in detail. A beetle that hides highly flexible inner
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wings (hereinafter called as hindwings) being folded in a
complex manner under the rigid outer wings (elytra) is well
known for having the largest wing loading (~35 - 65 N/m’;
~1 - 3 N/m” and ~5 - 10 N/m” for a fruit fly and dragonfly,
respectively) among flying insects [15], but it has been also
observed to effectively perform aerial locomotion. Further-
more, the beetle has characteristic aspects in wing geometry
and motions. For example, to initiate a flight, beetles open the
elytra and then unfold the hindwings that are actually flapped
(i.e., controlled) actively for the flights. Although the beetle
does not control the flapping motion of the elytra (rather they
are passively moved by the motion of hindwings), the close
proximity between elytra and hindwings during the flight in-
dicates that the interaction between them may have an impor-
tant influence on the aerodynamic performance.

So far, several previous studies have tried to understand the
aerodynamics of a beetle flight [16-23]. About the role of
elytra associated with flights, for example, de Souza and Al-
exander [16] claimed that a non-zero dihedral angle of elytra
enhances the rolling stability during the flight; however, the
direct contribution to aecrodynamic force generation is contro-
versial. Johansson et al. [17] have estimated about 40% in-
crease of the lift force based on velocity measurement in the
wake behind the elytron, but no significant effects have been
reported from the numerical simulations [18, 19]. The wing-
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wing interaction between the elytra and hindwings has been
also studied. Truong et al. [20], for example, by visualizing
the flow around elytra and hindwings using a smoke-wire
technique, have explained that the increased suction pressure
in the gap between the elytra and hindwings during the up-
stroke may increase the lift force on hindwings. On the other
hand, Le et al. [21] numerically studied that the elytra-
hindwings interaction causes an enlarged leading-edge vortex
above the elytra, which will increase the lift force generated
by elytra. They also claimed that the twisting and camber
change of hindwings enhance the aerodynamic performance
of a beetle. Kitagawa et al. [22], visualizing the flow around a
beetle in a tethered flight with smoke, claimed that the beetle
uses the wake capture mechanism to generate the high lift
force. The role of horn (only the male beetle has it) also has
been investigated and almost no changes of flight performance
have been reported [23].

As introduced, less is known for the beetle flight compared
to other insect flights, and this is partly due to the limited data
available for the wing behavior during flight. That is, detailed
measurement and analysis of the wing trajectory and defor-
mation, especially for the highly flexible wings, should be
accompanied with understanding the aerodynamic character-
istics of flying insects [14, 24-26]. In the literature, there are
some data available for describing the motion (or posture) of
the elytra and hindwings of a beetle in flights. For the elytra,
Frantsevich et al. [27] measured, in a tethered flight condition,
that the elytra are positioned to have a negative angle of at-
tack. For the hindwings, it was reported that the flapping
frequency is 37 - 40 Hz and 30 - 34 Hz for hovering and for-
ward flights, respectively, while the stroke-plane angle and
flapping amplitude are about 10° and 180° for the hovering
flight and about 21° and 165° for the forward flight, respec-
tively [19, 28]. Thus, it is understood that a beetle uses a
slightly inclined stroke plane and very large flapping ampli-
tude. Truong et al. [29] measured the flapping angle, angle of
attack, and body orientation just after a takeoff from the
ground. From these previous efforts, some global parameters
describing the motion of elytra and/or hindwings are avail-
able; however, to perform more detailed investigations (nu-
merical simulations or wind-tunnel experiments with a dy-
namically-scaled robotic model) of the aecrodynamic charac-
teristics of beetle flight, the temporal and spatial (i.e., local)
variations of those global parameters due to wing deforma-
tion should be understood.

Therefore, we measured and analyzed the three-dimensional
deforming behavior of elytra and hindwings, and the body
orientations of beetles in flight using three high-speed cameras
and modified direct linear transform (MDLT) and visual im-
age correlation algorithms [25, 30]. Among different flight
modes, we focused on the takeoff flight because it requires the
largest force generation to lift the body, which is a good start-
ing point to investigate the aerodynamics of beetle flight [29,
31]. We believe this will be a good reference to initiate a more
in-depth study of the beetle aecrodynamics.
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Table 1. Morphological parameters of the beetles whose takeoff flights
are filmed.

Beetle individual B1 B2
Body mass, m [g] 59 5.7
span, S, [mm] 322 32.6
chord, ¢, [mm] 16.9 17.2
Elytron
area, 4, [mm’] 450.7 459.6
aspect ratio, AR, 2.30 231
span, S, [mm] 51.6 51.6
L chord, ¢, [mm)] 159 19.6
Hindwing
area, A, [mm’] 688.9 794.6
aspect ratio, AR, 3.96 3.35
Hindwing tip-to-tip distance, L [mm)] 109.7 1114

2. Experimental setup and procedure

2.1 Tested beetles

We prepared about 20 rhinoceros beetles, which were pur-
chased from a commercial insect distributor in Korea and
reared in an acrylic cage of which the inside is decorated with
soils, leaves and branches. While observing the behavior of
the beetles, we tried to find a way to make the beetle initiate a
takeoff flight, without putting unnecessary stresses on the
insects. After testing several ways advised by the distributor or
a previous study [29], we found that when a beetle is placed
on an inclined wooden rod, mimicking the branch of a tree, it
tends to crawl upward and takeoff at the tip of the rod. With
this approach, it is possible to film the takeoff flights of the
beetle successively under the same condition (i.e., it is con-
firmed that the measured wing kinematics are repeatable as
shown below).

After the time-resolved sequences of takeoff flight were
taken successfully, we measured the morphological parame-
ters of the same individual beetle. As commented previously
[27, 29], in general, female beetles show a better flight ten-
dency than males, and thus active female beetles were chosen
for measurements. As a result, we were able to analyze the
five takeoff flights from the rod, which were performed by
two different individuals. The morphometric parameters are
summarized in Table 1. Here, the chord length denotes the
maximum chord of the wing and the aspect ratio (4R) is de-
fined as AR = S°/A. As shown in the table, beetles in the pre-
sent study have a body mass about 6 g, while the size of
hindwing is larger than the elytron. For the tested beetles, the
hindwings have an averaged AR of about 3.3 - 3.9, which is
larger than that (about 2.3) of elytra.

2.2 Tracking of three-dimensional wing behaviors

To measure the three-dimensional wing motions and de-
formations, we used three high-speed cameras and two 2 kW-
Tungsten portable lights as an illumination source, distributed
around a customized studio frame (2.0 m x 2.0 m x 2.0 m)
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Fig. 1. (a) Experimental setup for recording three-dimensional wing
kinematics of a beetle in takeoff flights using three high-speed cameras
and two tungsten lights; (b) three dimensional calibration target with
one hundred markers.

- body
#1: pronotum; #2: pygidium; #3: mass center

- elytron
#4: base
#5: LE; #6: TE at 058,
#7:tip

- hindwing
#8: base
#9: LE; #10: mid-chord; #11: TE at 0.35,,
#12: LE; #13: mid-chord; #14: TE at 0.6S,
#15: LE; #16: mid-chord; #17: TE at 0.9S,
#18-#20: end of main veins
#21:1p

Fig. 2. Distribution of twenty-one morphological markers to track the
three-dimensional behavior of the body, elytron and hindwing of a
beetle.

that is covered with blackout curtains to block any external
disturbances during the experiments (Fig. 1(a)). Three high-
speed cameras, one located on the top and two capturing side
views, were operated simultaneously via a synchronizer. The
image capturing was done for about 1.5 seconds at the rate of
2000 fps with a spatial resolution of 512 x 512 pixels. Consid-
ering the typical flapping frequency of a beetle hindwing (30 -
40 Hz), this condition is enough to measure several wing beats
to be analyzed. To calibrate the cameras, we used an in-house
calibration target (Fig. 1(b)) that has 100 circular dots distrib-
uted with a spacing of 40 mm in lateral and vertical directions.
With three cameras in position, the error in tracking markers is
less than 1%.

To track specific points on the wing, it is necessary to mark
the position to be detected. Instead of using hard markers (e.g.,
thin metal film or small paint drop) [26, 27], we used soft
markers that are morphologically discernible features to make
beetles fly without external disturbances. As shown in Fig. 2,
we selected twenty-one morphological markers located on an
elytron, hindwing and body of a beetle. That is, three are on
the body (#1: pronotum, #2: pygidium, #3: mass center), four
are on the elytron (#4: base, #5: leading edge at the mid-span,
#6: trailing edge at the mid-span, #7: tip) and fourteen posi-
tions (#8: base, #9-#11: leading edge, mid-chord and trailing
edge at 0.3S,, #12-#14: leading edge, mid-chord and trailing
edge at 0.6Sy, #15-#17: leading edge, mid-chord and trailing
edge at 0.9S,, #18-#20: end of main veins, #21: tip) are dis-

hindwing

Fig. 3. Definitions of the parameters describing the wing kinematics of
a flying beetle, shown for the hindwing and same definitions are ap-
plied to the elytron.

tributed on the hindwing. Without using hard markers, it is
possible to track each morphological marker by visual image
correlation method [25, 30].

Among several techniques developed for the re-construction
of three-dimensional wing kinematics, in the present study, we
used Modified direct linear transform (MDLT) algorithm with
visual image correlation method. According to Direct linear
transform (DLT) algorithm, three-dimensional position vec-
tors in real world (4) and image plane (B) should satisfy the
simple linear correlation of B = c¢A (c: scaling factor), which is
called as a collinearity condition [32]. While getting the rela-
tion between the coordinates in real and image planes, we
needed to determine eleven DLT coefficients, but only ten
independent parameters were available with the collinearity
condition only. To solve this problem, Hatze [30] suggested to
consider a non-linear constraint additionally, which is called
as Modified direct linear transform (MDLT) algorithm. On the
other hand, to track the specific points (designated based on
the morphological features) on the wing, the cross-correlation
of pixels was performed across the acquired image sequences,
called as visual image correlation method [25, 30]. For the
details about the tracking methods, please refer to Ref. [25].

2.3 Definitions of wing-kinematic parameters

Fig. 3 defines the wing-kinematic parameters that are to be
calculated from the measured wing behaviors. Body angle (6)
is the angle between the horizontal and the line connecting
pronotum and pygidium. Stroke-plane angle (f) is defined as
the angle between the stroke plane and the horizontal plane.
Flapping angle (¢) and angle of attack (a) are defined as the
angle between the line joining the wing base and tip and its
projection onto the horizontal plane and the angle between the
local wing chord and the horizontal plane, respectively. On the
other hand, the deviation angle (d) is defined as the angle be-
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Views from three cameras

middle legs

(@) elevated -605.5 msec

(b) elytra open ‘ -356.5 msec

hindwings

(€)  unfolded -72.0 msec

(d) take-off 0 msec

AW\ 9pe

(e)

Fig. 4. Typical sequence of a beetle takeoff from an inclined rod,
measured at 2000 fps.

tween the line joining the wing base and tip and its projection
onto the stroke plane. For all the parameters, the subscript of
‘e’ and ‘h’ denote the elytron and hindwing, respectively.

3. Results and discussion

3.1 Sequential description of a takeoff flight

Typical behavioral sequence of takeoff flights from an in-
clined rod is shown in Fig. 4. The time separation between
each major events identified may change slightly depending
on each trial, but the sequence in Fig. 4 was observed com-
monly for all the tests performed in the present study. As
shown, the beetle raises its middle legs first (at ¢ = -605.5
msec, Fig. 4(a)) and then opens its elytra (at ¢ = -356.5 msec,
Fig. 4(b)). After the elytra are fully opened, the beetle unfolds
the hindwings (at ¢ = -72.0 msec, Fig. 4(c)) and initiates flap-
ping hindwings. The beetle is completely detached from the
rod (at £ = 0 msec, Fig. 4(d)) within one to two wing beats
with fully stretched hindwings, and we measured and ana-
lyzed the first five wing beats for each trial. After the takeoff,
the beetle performs various flight modes such as hovering,
forward and turning flights. In the present cases, we did not
observe any hints about the jumping-assisted takeoff flight,
which was also reported by Truong et al. [29] who measured
the beetle takeoff flight from a flat ground. The time separa-
tions between major events for the takeoff flight in Fig. 4 are
also in a similar range with that of Truong et al. [29]. Al-
though Truong et al. [29] observed the change in the order
between middle-leg elevation and elytra opening in some
cases, in the present cases the middle-leg elevation always
precedes the elytra opening.

3.2 Body orientation

In this section, the body orientation of a beetle during a
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Fig. 5. Temporal variations in body angle () (a, b) and elevation of
mass center (c) during takeoff flights. For the body angle, the averaged
data (a) and a representative single data set (b) are shown separately. In
(a) and (c), symbols and lines denote the averaged value and accompa-
nied deviations, respectively. Here, T is the period of flapping hind-
wing and shaded area denote the stage of up-stroke.

takeoff is discussed. Figs. 5(a) and (b) show the temporal
variations of averaged and single data set of body angle (0),
respectively. For the rod takeoff, the beetle takes a very large
averaged body angle (about 70°) (Fig. 5(a)). This is different
from the takeoff from the ground where the body angle gradu-
ally increases as the beetle rises [29]. Although the averaged
body angle does not show specific trend on the wing motion,
for a single data it is clearly observed that the body angle os-
cillates in relation to the wing motion. As shown in Fig. 5(b),
after the first two strokes of hindwing, i.e., once the beetle is
completely off the rod for the takeoff, the body angle in-
creases (decreases) during the stage of up-stroke (down-
stroke) of the hindwing and thus has a peak at the end of an
up-stroke (denoted as arrows in Fig. 5(b)). Similar trend has
been reported for the ground takeoff as well [29]. On the other
hand, the comparison of averaged body angle (Fig. 5(a)) and a
single data (Fig. 5(b)) indicates that one needs to be very care-
ful in representing the kinematic parameters measured with
living creatures, by which some important characteristics may
be buried by averaging the data with large scatters and differ-
ent time constants.

Fig. 5(c) shows the elevation (i.e., vertical translation) of the
center of mass during the takeoff. Here, the center of mass
(maker #3) is approximately determined by searching the
point that makes the beetle suspended with a string balanced
with a horizontal. After testing several different individuals, it
was found that the center of mass is located at about 45 - 50%
of the body length. Again the symbols show the averaged
values from repeated trials, and the lines show the range of
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2 3
(b) time (#/T)

Fig. 6. (a) Time history of flapping angles (¢) of elytron () and hind-
wing (e) for the takeoffs from an inclined rod. Here, ¢’s are deter-
mined by the movement of wing tips. (b) Comparison of ¢ of a hind-
wing based on the movement of wing tip () and leading-edge at 0.6S,
(o, marker #12). Here, T is the period of flapping hindwing and shaded
area denote the stage of up-stroke. Symbols and lines denote the aver-
aged value and accompanied deviations, respectively.

data scatters. As time goes on, the elevation increases gradu-

ally showing that the beetle actually takes off the rod for flight.

Unlike the body angle, the elevation for a single data set
shows the same trend with the averaged one (not shown here).

3.3 Global wing-kinematic parameters

For the present takeoff flights from an inclined rod, the
flapping frequency of a hindwing is measured to be 39.6 Hz
(+ 0.7 Hz), which is in a similar range with previous meas-
urements (38 - 42 Hz) [29]. Although it is not controlled ac-
tively, the elytron also shows a periodic motion induced by the
flapping hindwing (see Fig. 6) and its frequency is about 38.1
Hz (£ 0.9 Hz).

Another global parameter to characterize the wing motion is
a stroke-plane angle (Fig. 3). For the rod takeoff, it is meas-
ured that the stroke-plane angles of elytron and hindwing are
18.6° (x4.1°) and 16.5° (£ 5.7°), respectively. Thus, the beetle
utilizes a slightly inclined stroke plane, compared to the hori-
zontal stroke plane of a fruit fly (f ~ 0°) and the highly in-
clined stroke plane of a dragonfly (8 ~ 60°). Thus, it is as-
sumed that the contribution of lift force to the vertical force
generation to takeoff is larger than that from the drag force.
Interestingly, the elytron also has a similar stroke-plane angle
to the hindwing, which indicates that the elytra itself may not
incur a significant aerodynamic cost due to the drag force
acting on it.

3.4 Temporal variation in wing trajectory

Fig. 6(a) shows the time history of flapping angles (¢) of
elytron and hindwing for the first five strokes during takeoff.
Here, the flapping angle is calculated based on the movement
of wing tips (markers #7 and #21). In the figure, symbols de-

note the averaged values with the lines for the range of devia-
tion. While the periodic motions of elytron and hindwing are
well captured (approximately following a sinusoidal function),
the flapping amplitudes (P) of elytron and hindwing are 38.8°
(= 4.2°) and 164.2° (£ 7.3°), respectively. Since the elytron
undulates passively, the flapping angle of the elytron shows a
slight phase difference from that of the hindwing; however, it
is interesting that the elytron also has non-negligible flapping
amplitude as well. Although it is much smaller than that of a
hindwing, considering that the flapping frequency of elytron is
comparable to that of a hindwing, this implies that the elytron
itself would produce acrodynamic forces that affect the overall
aerodynamic performance of a beetle [17]. On the other hand,
the fairly large flapping amplitude and deflection (i.e., defor-
mation) of the hindwing suggest that the clap-and-fling
mechanism [4] may work during the stroke reversal to en-
hance the aerodynamic performance as well. As previous
studies have suggested, the wing-wing interaction caused by
the close proximity between the elytra and hindwing can af-
fect the aerodynamic performance. As shown in the temporal
variation of flapping angle, this interaction may happen during
the transition from up-stroke to down-stroke when the gap
between elytron and hindwing becomes the smallest.

To see the influence of wing deformation, the flapping an-
gles of a hindwing based on the movement of inner wing posi-
tions (leading edge at 0.6S)) are additionally calculated for a
comparison. Note that the elytron does not experience a dis-
cernible deformation during flapping. As shown in Fig. 6(b),
almost the same flapping amplitude is maintained along the
spanwise direction, but the phase difference increases from the
wing tip to base. Also, the range of deviation between each
data set is the largest at the wing tip, while it is the smallest
near the wing base, indicating that the amount of deformation
differs locally, which is the largest near the wing tip. Since the
spanwise flow over the wing has been one of the mechanisms
to induce the leading-edge vortices to be attached on a flap-
ping insect wing, which results in the delayed stall, the most
commonly proposed mechanism of large aerodynamic force
generation among different flying insects [1-3, 5-11], this
spanwise deformation of the hindwing with a phase difference
would affect the dynamics of the leading-edge vortices.

Next, the variations of angle of attack («) are discussed. Fig.
7(a) shows the time history of averaged angle of attack for
elytron (a,) and hindwing (o), measured based on the mid-
chord (0.5S,) and chord-line at 0.6S, respectively. Overall, the
elytron and hindwing have almost constant angles of attack
during up- and down-strokes, respectively, while the angle of
attack during the up-stroke (o) is larger than that during the
down-stroke (o). For the elytron, a, = 99.9° (+ 19.5°) and
oy = 72.5° (= 12.6°) and the hindwing has a, = 133.3°
(+24.3°) and a,; = 45.3° (£ 23.0°). Large angles of attack dur-
ing up- and down-strokes show that the beetle also utilizes the
massively separated flow at the leading edge of the wing as a
major source for the aerodynamic force generation. For both,
elytron and hindwing, the durations of pronation and supina-
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Fig. 7. (a) Time history of attack angles () of elytron (o) and hind-
wing (e) for the takeoffs from an inclined rod. Here, o’s are deter-
mined at the spanwise positions of 0.5S. (elytron) and 0.6S) (hind-
wing). (b) Comparison of & of a hindwing at the spanwise positions of
0.3S, (o) and 0.9S;, (¢ ). Here, T is the period of flapping hindwing and
shaded area denote the stage of upstroke. Symbols and lines denote the
averaged value and accompanied deviations, respectively.

tion were approximately equal and are achieved very fast
(takes about 22% of the one stroke period for the rotation of
the hindwing). Therefore, the hindwing should rotate at a rate
of 1.1 rad/msec, indicating that the contribution of rotational
lift during the stroke reversal should be important as well.
Although the amplitude of wing rotation of elytron is rela-
tively smaller than that of a hindwing, the fact that the elytron
also has a fairly large angle of attack during flapping again
indicates that the aerodynamic forces generated by the elytron
itself would not be trivial [17].

Fig. 7(b) shows the variation of the angle of attack on a
hindwing, measured based on the chord-line of 30% and 90%
of the wingspan (S,). While they show similar trends to that of
the angle of attack measured at 0.6, (Fig. 7(a)), it is measured
that o, = 125.8° (+ 26.1°) and a; = 51.7° (£ 20.2°) at 0.3S),
and a, = 133.6° (£ 26.9°) and a, = 45.9° (+ 27.2°) at 0.9S,.
Therefore, the effect of local incidence angle of the flow along
the spanwise direction would not be significant.

Finally, the time history of averaged deviation angle (J),
representing the wing motions out of the stroke plane (it is
noted that the stroke plane is defined as the movement of wing
tip), is plotted for the elytron and hindwing, based on the
movement of wing tips (makers #7 and #21) (Fig. 8(a)). In-
stead of showing specific trends depending on up- and down-
strokes, the averaged deviation angle varies less in a relatively
narrower range and Jj, is larger than J,. When the single data
set is traced, interestingly, it is clearly seen that the wing tip of
the beetle hindwing moves following the figure-eight motion
of wing tip, which is well known as a common wing behavior
in flying insects to enhance the aerodynamic force generation
[2]. During the first and second strokes for the takeoff, double-
figure-eight motion is measured (Fig. 9), which changes to a
single-figure-eight motion after third strokes. From this, it is
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wing (e) for the takeoffs from an inclined rod. Here, J’s are deter-
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Fig. 9. Three-dimensional view for the figure-eight movement of a
hindwing tip during the second stroke in takeoff from an inclined rod.

found that the beetle also utilizes a similar mechanism to en-
hance the aerodynamic performance. At the inner wing posi-
tions, on the other hand, the deviation angle increases signifi-
cantly toward the wing base (Fig. 8(b)). Among flapping an-
gle, angle of attack, and deviation angle, the rate of local
variation along the spanwise direction due to deformation is
the largest for the deviation angle. Therefore, it is thought that
it is important to investigate the effect of the heaving motion
of the hindwing to understand how the wing flexibility affects
the aerodynamic performance of a beetle.

In the present study, we measured the beetle takeoff flight
from an inclined rod which a previous study by Truong et al.
[29] had measured the takeoff from flat ground. In Fig. 10, the
temporal variations of flapping and attack angles are com-
pared. As shown, during the first and second strokes, there is a
slight difference, but after the third stroke, they agree well
with each other. This is because Truong et al. [29] measured
the wing motion after the beetle clear off the ground, i.e.,
when the ground does not interfere with the hindwing motion.
However, in the present study, the first and second strokes of
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Fig. 10. Comparison of flapping angles (a) and angle of attacks (b)
between the present measurement and those from Truong et al. [29]:
(@) o, ¢ (present); o, ¢ [29]; m, ¢ (present); o, ¢ [29]; (b) @, @
(present); o, ay [29]. Here, T is the period of flapping hindwing and
shaded area denote the stage of upstroke. Symbols and lines denote the
averaged value and accompanied deviations, respectively.

the hindwing are performed when the movement of a beetle is
still in the interaction with the rod. Therefore, the wing motion
itself is not affected by the location from which the beetle
takes off, once it is cleared off the rod or ground. However, it
is further necessary to measure the wing motions when the
ground actually interferes with it, in order to investigate the
differences between the takeoff from a rod and ground in
detail.

4. Concluding remarks

We have measured the three-dimensional behaviors of the
body and wings (elytron and hindwing) of a beetle during its
takeoff from an inclined rod using three high-speed cameras.
Employing a modified direct linear transform algorithm, tem-
poral and spatial variations of the wing movement have been
analyzed in terms of the major parameters for the wing-beat
kinematics. It is found that the elytron, which is flapped pas-
sively due to the movement of a hindwing, has non-negligible
flapping amplitude and angle of attack, indicating that the
elytron itself would contribute to the aecrodynamic force gen-
eration. Furthermore, from the measured trajectories of elytron
and hindwing, many hints are evidenced implying that the
beetle may utilize well-known mechanisms for unconven-
tional aerodynamic force generation, such as a delayed stall
with an attached leading-edge vortex, clap-and-fling, wing-
wing interaction, and figure-eight motion. It would be interest-
ing to examine whether the beetle actually uses these mecha-
nisms during the flight. Finally, the wing flexibility affects the
heaving motion (i.e., out-of-stroke-plane motion) most signifi-
cantly compared to the local variations of flapping angle and
angle of attack along the wing span. We think the present
study is a good reference to initiate an in-depth investigation
of the beetle aerodynamics (via wind-tunnel experiments or
numerical simulation), focusing on the mechanism of regulat-

ing aerodynamic performance and possible ground effect dur-
ing takeoff from the ground.
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Nomenclature

: Wing planform area

: Wing aspect ratio (= S%/A)

: Chord length, mm

: Distance between tip to tip, mm

: Body mass, kg

: Wing span, mm

: Angle of attack

: Angle of attack during a down-stroke
: Angle of attack during an up-stroke
: Stroke-plane angle

: Deviation angle

: Body angle

: Flapping angle

: Amplitude of the flapping angle
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