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A flapping-wing micro air vehicle (FW-MAV) operating with aerodynamically optimal wing configuration
and kinematics may save energy and thus prolong flight time. In this work, we use a computational-fluid-
dynamic method to investigate the effects of wing kinematics, corrugation structures, and clap-and-fling
on the aerodynamic efficiency of our hovering two-winged FW-MAV (KUBeetle). From the measured
reference wing kinematics, we generated several different wing kinematics, considering the effect of
spanwise twist and chordwise camber that produce high lift-to-drag ratio (L/D). Among the investigated
cases, the modified wing kinematics version 3, which includes both camber and twist with an average
angle of attack of about 37°, was selected, because of its ~24% improvement of L/D, while maintaining
similar lift to the measured reference wing kinematics. The results also showed that the camber plays a
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Clap-and-fling ) ) role in the improvement of both lift and L/D, which improvements are approximately (16.7 and 10.6)%,
gl‘app}ng—\(vmg micro air vehicle respectively. We then used wing kinematics version 3 to investigate the effects of various leading-edge
iomimetics

corrugation structures. Based on the results of lift and L/D, we proposed a wing with distributed wing
corrugations along the wingspan, which slightly augments the L/D by 2%. In addition, to see how the
clap-and-fling behavior contributes to the aerodynamic efficiency, its effects on lift and drag generation
were examined. We found that the clap-and-fling enhanced lift by 5%, but increased drag by 9%, resulting
in a 4% reduction of the L/D for both the measured and the modified wing kinematics. Thus, the
lift-augmented clap-and-fling is inefficient for FW-MAVs. Finally, the study confirmed that the wing
with distributed wing corrugations using wing kinematics version 3 without clap-and-fling presented
at the stroke reversals is preferable for the high aerodynamic efficiency of the KUBeetle robot, with 31%
improvement in L/D.

Computational fluid dynamics

© 2021 Elsevier Masson SAS. All rights reserved.

1. Introduction

Over the past few decades, flying insects have become a great
source of inspiration for the development of flapping-wing micro
air vehicles (FW-MAVs). Many studies of insect flight have there-
fore been conducted to understand their flight mechanisms [1-3].
These mechanisms include leading-edge vortex [4,5], wing-wake
interaction or wake capture [6-8], wing rotation [9,10], clap-and-
fling [11-16], wing flexibility [17-22], distribution of spanwise
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angle of attack (AoA) [23-25], and wing corrugation [19,26-31].
Thanks to those studies, several tailless FW-MAVs are ready for
untethered flight; for example, Nano Hummingbird [32], KUBeetle
[33], Colibri robot [34], Robobee [35], Delfly Nimble [36], NUS-
Roboticbird [37], and Purdue hummingbird [38]. However, there
are still limitations in flight time that require further improve-
ments of the robots. Therefore, extensive optimizations of the wing
configuration and kinematics have been considered. For example,
wing flexibility including chordwise camber and spanwise twist
was found beneficial for force generation and power requirement
[19,21,39]. Okamoto et al. [19] experimentally compared a cam-
bered wing and a thin flat plate and concluded that the curved
wing with 9% chord height increased the maximum lift coefficient
(Cimax), minimum drag coefficient (Cymin), and slope of aerody-
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namic efficiency (C;/C4) with respect to the AoA. Truong et al. [21]
used unsteady blade element theory to numerically analyze the
effect of wing twisting on lift enhancement in flapping wings and
found that a flapping wing with a negative twist configuration pro-
duced about 10% more vertical force, while consuming less power
than the flat wing. In addition, Sane et al. [23], Phan et al. [24], and
Gehrke et al. [25] identified a range of spanwise AoAs to achieve
low drag but high lift. Reference [25] experimentally optimized the
pitch angle kinematics to maximize the cycle-average lift and aero-
dynamic efficiency. The kinematics with high AoA achieved the
lowest average aerodynamic efficiency of n = 0.6, and the high-
est average lift coefficient of C; = 2.09. Meanwhile, the relatively
lower pitch angle kinematics increased the average aerodynamic
efficiency by 93%, n =1.17, but reduced the stroke average lift co-
efficient by 43% of its maximum value, resulting in C; = 1.20 [25].

The corrugation of insect wings was investigated for both aero-
dynamic and structural purposes. Rees [26] compared the corru-
gated airfoil and smoothed envelop to investigate the contribution
of wing corrugation to bending stiffness. His works inspired scien-
tists to explore the potential use of corrugated wings in FW-MAVs.
Vargas et al. [31] investigated the effect of two-dimensional (2D)
corrugated dragonfly wings and showed that the aerodynamic ef-
ficiency or lift-to-drag ratio (L/D or C;/Cy) was slightly improved,
compared to that of its smooth counterpart. An experimental study
of three-dimensional (3D) corrugated dragonfly wings showed a
similar result [28]. However, Meng et al. [30], based on their cal-
culations by computational fluid dynamics (CFD), concluded that
the insignificance of the wing corrugation effect is due to the flow
separation in the high AoA of (35 to 50)°. Au et al. [29] performed
3D CFD analysis for several corrugated wings, finding that when
the same wing kinematics were applied for both smoothed and
corrugated wings, the contribution of corrugation to aerodynamic
efficiency was insignificant. A 2D CFD study by Dao et al. [27] in-
dicated that the leading-edge corrugation placed at the upper and
lower parts of the chord at 37.5% of the wing length (inboard wing
with a relatively higher AoA), increased the L/D by about 8%, but
that at 75% of its spanwise length (outboard wing with a relatively
lower AoA), decreased the L/D by 2.4%, compared to that of the
smooth profile.

The clap-and-fling effect, which has been extensively studied
in insects [15,40-42], also serves as a lift-enhancing mechanism in
FW-MAVs [16,36,43-45]. Zdunich et al. [45] built a four-wing Men-
tor flapping-wing robot and reported that the implemented clap-
and-fling effect increased the lift by approximately 50%. Nguyen
et al. [43] also revealed that the clap-and-fling effect increased
the lift of their X-wing FW-MAV by about 45%. The clap-and-
fling effect was successfully implemented in the two-wing KUBee-
tle robot, with a stroke amplitude of more than 180° [16]. The
study showed that the clap-and-fling effect improved the vertical
lift force by 16.2%, when compared to that without the effect.

As described above, most studies have focused on lift improve-
ment, whereas only a few reports on the aerodynamic efficiency
of actually flying insect-like tailless FW-MAVs have been made
[36,46]. Interestingly, a breakdown of the power consumption of
a flapping-wing system showed that about 48% of the total power
was consumed to produce aerodynamic forces [47], while about
20% was consumed to overcome inertial force developed during
the flapping wing motion. To reduce the inertial power consump-
tion, the wing mass must be as light as possible. For example, the
specially designed foldable wings in one report [48] are about 10%
heavier than the lightweight wings used in another [46]. Therefore,
the endurance of the robot with the lightweight wings [46], should
be longer than that with the foldable wings [48]. Still, the major
portion of the power is spent on producing aerodynamic forces.
The improvement of aerodynamic efficiency is crucial to extending
the endurance of a FW-MAV.

Aerospace Science and Technology 118 (2021) 106990

In this study, we performed a series of three-dimensional CFD
analyses using ANASYS-Fluent to investigate the aerodynamic effi-
ciency of the KUBeetle, a tailless insect-like FW-MAV, which uses
the trailing-edge-change (TEC) mechanism to produce the control
moments [21]. Based on the CFD simulation, a spanwise range of
AoA was identified for high aerodynamic efficiency from the mea-
sured reference wing kinematics of the KUBeetle. Then, based on
the finding, four higher performing wing kinematics were created.
We modulated the wing kinematics by adjusting the spanwise
AoA and chordwise camber, such that the physical nature of the
measured flapping wings was maintained. The aerodynamic per-
formance of each modified wing kinematics was evaluated and
compared to that for the measured reference wing kinematics. In
addition, the wing corrugation was studied for one of the sug-
gested modified wing kinematics, which satisfied the requirement
of lift. Subsequently, seven leading-edge corrugated wings were
numerically tested to propose a wing model with a combined
corrugation in the spanwise direction that showed higher aerody-
namic efficiency at each of the five investigated spanwise locations.
We also investigated the effect of wing corrugation on the aero-
dynamic efficiency of the flapping wings with the clap-and-fling
effect.

2. Materials and methods
2.1. Wing kinematics of the KUBeetle

Similar to the previous works [49-51], we use the coordinate
systems shown in Fig. 1 to describe the dynamic motion of the
flapping wings, where O.x. Y.z is the fixed coordinate system on
the earth, while Opxpypzp is the coordinate system attached to the
body. The wing pivot point at the origin O in the wing is the refer-
ence position used to identify the center of gravity (CG = Op). The
Xp-axis points backward in the opposite direction to flight, while
the yp-axis points to the right wing. Meanwhile, the z,-axis is
aligned with the body axis, which points to the top. The coordi-
nate system Oxyz is used to determine the wing motion in hover
(see Fig. 1b). At the local spanwise position, the wing camber is
defined in terms of the middle and full rotation angles, denoted by
Om and 6y, respectively, as follows:

h 1
Camber(r) = e 100% = 5 tan (6m — 65) x 100%, (1)

where h is the mid-chord height, and c is the full-chord length.
The full rotation angle, 6y, is the angle between the stroke plane
and the full-chord line connecting the leading-edge and trailing
edge. Meanwhile, the middle rotation angle, 6, is the angle be-
tween the stroke plane and the mid-chord line connecting the
leading edge and the mid-chord point. The geometric AoA («)
is defined as the angle between the inflow and the full-chord,
while ¢ denotes the flapping angle between the feather axis and
y-axis. The measured reference wing kinematics of the KUBeetle
previously presented [21] were captured using three synchronized
high-speed digital cameras and digitized using DLTdv tool [52].

Fig. 2a shows the nine markers on the wing, and the four others
on the body frame, which we placed to measure the wing kinemat-
ics. The time histories for the flapping angle and rotational angles
were calculated based on their coordinates captured over a flap-
ping cycle. To reproduce the wing motion in the CFD simulation,
the Fourier series function was used to fit the measured reference
wing kinematics, as shown in Eq. (2):

n=9

f® =ao+ Y [axcos (2km ft) + by sin (2kx f1)]. 2)
k=1
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Fig. 2. The measured reference wing kinematics of the KUBeetle: a) Images with the enhanced markers captured by three high-speed cameras, b) measured and fitted wing
kinematics at the three wing locations of (0.25, 0.5, and 0.75)R. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

where the identified coefficients ag, ay, and by are designated in
the user-defined-function (UDF) code in ANSYS-Fluent to describe
the flapping motion. Fig. 2b presents the measured and fitted wing
kinematics of the KUBeetle at (0.25, 0.5, and 0.75)R. Equation (1)
is then used to calculate the wing cambers. The spanwise-average
camber, denoted by the yellow diamond with solid red line, is con-
sidered as the reference for the wing kinematics modulation.

2.2. Computational fluid dynamics (CFD) modeling

The CFD model of flapping wings was created by following the
same method described in [49], which could provide converged
solutions with an acceptable accuracy, as validated elsewhere
[16,49-51]. For the grid independency of the non-corrugated and
corrugated wings, the present mesh for each case was constructed
with similar grid resolution to that which was applied in the pre-
vious grid independency study [50]. Thus, we expect that the ac-

quired results by the CFD are mesh independent. The spanwise
length, R is referenced to construct the three-dimensional (3D)
computational domain (Fig. 3a). Due to the symmetric flapping
motion, only one wing is simulated. The domain is a 3D half-
cylinder measuring 12R in length and 12R in diameter, which is
filled by about 4.7 million tetrahedral elements. The domain is
extended 6R forward to the inlet from the pivot point, and 6R
upward to the top. The distance from the flapping axis to the sym-
metry plane is 8 mm. The mesh is finest surrounding the wing
in the high-density region, occupying about 50% of the total el-
ements. The maximum grid length in this high-density region is
2.0 mm, while the wing is modeled by about sixty thousand trian-
gular elements, whose maximum element edge length is 0.4 mm,
which is equivalent to 1.6% cmax, as shown in Figs. 3b. Thus, the
mesh size becomes coarser toward the far field, and the inlet and
outlet boundaries. Figs. 3b and c describe the unstructured meshes
of the non-corrugated wing and a corrugated wing (see subsection
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corrugated wing.

2.4), respectively, while Figs. 3d and e detail their mesh genera-
tions around the wing sections at 0.75R, respectively. The number
of triangular grid cells on the wing surface are 61,128 elements
for both wings, as shown in Figs. 3b and ¢, while the computa-
tional domains of the two wings are modeled by about 4,734,000
tetrahedral elements for the two cases, as shown in Figs. 3d and
e. The boundary layer thickness is about 4% cmax at 0.75R, which
can be calculated by the Blasius solution [53]. In the CFD models,
the minimum distance between the wing surface and the first grid
point is an order of 0.1% cmax. Therefore, the current mesh near the
wing surface is small enough to resolve laminar boundary layers.
The time step is set to be 1/1,000th of the flapping cycle.

Equation (3) shows the definition of the local Reynolds number,
Re [14] in a spanwise location of r:

Umean(r) X c(r) _ 2rf® x c(r)
v B v ’

Re(r) =

(3)

where r is the spanwise position, Umean is the mean flapping ve-
locity, c(r) is the local chord length, f is the flapping frequency, ®
is the wingbeat amplitude (in rad), and v is the kinematic viscosity
of the air. The Re range from the root along the wing length of the
TEC robot is about 103 to 104, as reported in [29]. This range is not
small enough to consider the flow environment as a pure laminar
regime. In particular, when we study flow structure after separa-

tion, the turbulent diffusion should be taken into account. Mean-
while, the laminar models provided trustworthy results for the
flapping-wing calculations with less computing time, as reported
elsewhere [29,49-51]. Lian et al. [54] numerically tested a flapping
wing made of NACA0012 airfoil at chord Re numbers of 1.2 x 10%,
2 x 104, and 4 x 10%. In their simulation, they applied the laminar
flow option, and found that the computed flow pattern was very
close to the measurement. In addition, the power coefficients from
their laminar flow simulation closely predicted the measurement.
Young et al. [55] performed CFD analysis on a flapping dragon-
fly wing for Re numbers of 484 and 29,048 and compared the
effects of laminar flow and the detached-eddy-simulation turbu-
lence model on the force generation. They suggested that there
were essentially no differences in aerodynamic forces computed by
the laminar and turbulent flow options. This means that the evolu-
tion of turbulence does not contribute to meaningful change in the
magnitude of force produced by flapping wings in the Re range
of 104, even though turbulent flow may alter the flow structure
after separation. Therefore, for the study of the KUBeetle, a CFD
with the laminar flow option may reasonably predict the formation
and separation of leading-edge vortex (LEV) and trailing-edge vor-
tex (TEV) on the wing surface providing acceptable cycle-average
forces.
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2.3. Method of wing kinematics modulation

The measured wing kinematics of the KUBeetle, which used the
TEC control mechanism, is considered as the reference wing kine-
matics. Thus, it is named the TEC-WK. The reference TEC-WK is
modulated to improve the aerodynamic efficiency. In the modified
wing kinematics, the flapping angle (/) is the same as that of the
TEC-WK (Fig. 2b3). The implemental strategy to suggest a modi-
fied wing kinematics must ensure that all the physical natures of
the flapping wings are maintained, which is described as follows.
In the first step, the spanwise-average camber of the TEC-WK is
calculated at each time (t/T) using Eq. (1). Then, the camber at
each time of the modified wing kinematics, which is based on the
spanwise-average camber of the TEC-WK computed at the same
time, is assumed to be constant from wing root to tip. For ex-
ample, the spanwise-average camber of the TEC-WK (Fig. 2b4) at
t/T = 0.25 is about 16%. Then, the camber of the modified wing
kinematics at each spanwise location at t/T = 0.25 is suggested
based on this spanwise-average camber of the TEC-WK. However,
the spanwise-average camber of the TEC-WK appears to not be
perfectly symmetric between the downstroke and upstroke (Ta-
ble 1). Hence, we create a symmetric camber between two half-
strokes in the modified wing kinematics by proportionally modu-
lating the TEC-WK’s camber, such that the lift produced by each
half-stroke is close to the other.

Second, Equation (4) expresses the geometric angle of attack (o
or AoA). The AoAs of the TEC-WK providing relatively high aero-
dynamic efficiency, which are based on the simulation results, are
used to adjust the AoAs of the modified wing kinematics:

For downstroke: « =7 — 0y and for upstroke: o = 6y. (4)

In Fig. 4a, the left vertical axis indicates the cycle-average
forces per length produced along the wingspan. The right vertical
axis represents the cycle-average AoA over the spanwise location,
which is interpolated based on the mean AoAs calculated at (0.25,
0.5, 0.75, and 1.0)R during the translational stages of the down-
stroke (0.1 <t/T < 0.4) and upstroke (0.6 <t/T < 0.9). Fig. 4b
presents the cycle-average lift (L), drag (D), and L/D versus the
cycle-average AoA. Note that the lift here is the force component in
the vertical direction, while the drag is the horizontal force com-
ponent of the resultant force. The shaded areas in the two plots
stand for a range of AoA of (28-35)°, where the lift and aerody-
namic efficiency are relatively high. This AoA range corresponds to
the spanwise locations from (0.75 to 0.95)R (Fig. 4a), where a large
portion of the aerodynamic force is generated in a wing. Another
important note is that the L/D ratio at o ~ 52° is close to that
at 0.3R, and when « > 52°, it becomes less than one. Therefore,
the cycle-average AoA of the modified wing kinematics must stay
within the recommended range (28-35)°.

As the third step, using Eqgs. (1) and (4), the camber or middle
rotation angle of the modified wing kinematics are created and
presented in Figs. 5a-e, based on their suggested instantaneous
AoAs and the spanwise-average camber of the TEC-WK. Finally, for
the modified wing kinematics with wing twist, the wing twist ra-
tios of the TEC-WK at each time, which are defined in this work
as the ratio of the AoA of the two locations of (0.25 and 0.75)R
to the AoA at 0.5R, are proportionally modulated for the modified
wing kinematics. However, this step ensures that the cycle-average
AoA at 0.25R is less than 50°, and that at 0.75R, it is in the range
(28-35)°.

Based on the guidelines, Table 1 and Fig. 5 propose and present
the four modified wing kinematics, which are named the wing
kinematics verl, ver2, ver3, and ver4. Table 1 shows the half-
cycle-average AoAs and spanwise-average camber of the five wing
kinematics. Note that the average calculation is taken during the
translational stages, e.g., t/T = (0.1 - 0.4) in the downstroke, and
t/T = (0.6 - 0.9) in the upstroke. For the reference TEC-WK,
the differences of the spanwise-average camber in the two half-
strokes are relatively large, which implies that the camber of the
TEC-WK is asymmetric. For example, the spanwise-average cam-
ber in the downstroke is 14.5%, while in the upstroke it is 19.5%.
This explains why the lift is asymmetrically produced in the two
half-strokes, e.g., 9.4 gf in the downstroke, and 10.8 gf in the
upstroke. Hence, the half-cycle-average camber of the TEC-WK is
adjusted and applied in the modified wing kinematics to min-
imize the difference of lift produced by the two half-strokes of
each modified wing kinematics. Figs. 5a-d present the four modi-
fied wing kinematics, including the middle and full rotation angles.
Meanwhile, the flapping angle is identical to that of the TEC-WK
(Fig. 2b3). Fig. 5e presents the spanwise-average cambers of the
modified wing kinematics. They are modified to ensure that the
forces generated by the two half-strokes are close to each other,
and their spanwise-average cambers are close to that of the TEC-
WK. For example, Table 2 shows that the spanwise-average cam-
ber of the wing kinematics ver3 during the translational stages
is about 17.2%, which is similar to that of the TEC-WK, of about
17%. Fig. 5f plots the distributions of the cycle-average AoAs along
the wingspan for the five wing kinematics. The cycle-average AoAs
from 0.25R to the wing tip are similar, as can be seen in ver1 and
ver2. Therefore, we define that the cases verl and ver2 are with
chordwise camber, but without spanwise twist.

2.4. Wing corrugations

This section investigates the effect of the corrugated wings on
the aerodynamic efficiency for the modified wing kinematics ver3,
which satisfies the requirements of the force and aerodynamic ef-
ficiency. Based on the CFD analysis of the 2D flapping wings, a
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Table 1
Details of AoAs (&), the spanwise-average camber, and the CFD results of the five cases.
Stroke(s) AoA () [°] Camber [%] Results
0.25R 0.5R 0.75R aver. L [gf] D [gf] L/ID
TEC-WK Downstroke 55.4 434 34.7 39.9 145 9.4 8.5 11
Upstroke 55.8 435 35.6 40.7 19.5 10.8 9.4 12
With camber verl Downstroke 319 29.2 28.9 29.7 17.8 7.5 43 1.7
but no twist Upstroke 32.6 29.8 29.0 29.9 19.3 8.6 4.8 1.8
ver2 Downstroke 339 31.2 30.6 314 179 79 4.9 1.6
Upstroke 34.2 314 30.5 315 19.3 8.8 54 1.6
With camber ver3 Downstroke 50.6 40.5 323 36.9 18.2 9.8 6.8 14
and twist Upstroke 50.6 40.4 324 37.0 16.5 9.9 73 14
ver4 Downstroke 45.6 40.5 35.5 38.0 19.7 103 73 14
Upstroke 45.4 40.4 353 378 181 10.5 8.0 13
leading-edge corrugation was found to have benefited the L/D 3. Results

[27]. Therefore, in this paper, several corrugation wings placed at
the leading-edge were numerically tested. Fig. 6a shows sketches
of the seven corrugated wing sections, divided into 3 groups: A, B,
and C. Note that in (a), for simple presentation, the camber is re-
moved. However, as in (b), the camber is passively placed in the
actual flapping wing motion. These groups are classified based on
their corrugation length (or wavelength). For example, the A-group
represents the corrugated wing with a wavelength of 0.1c. Mean-
while, the B- and C-groups represent the wings with the wave-
lengths of 0.2c and 0.4c, respectively. The first two letters “LE” in
the names stand for the wing corrugation placed near the leading
edge after the flat wing area of 0.08c in all cases. Next, the first
two digits denote the corrugation height as percentage of the lo-
cal chord length, while the next two represent the proportion of
the wavelength over the local wing chord. The last letter B (for
bottom) denotes the B-type identified by the corrugation placed at
the upper part of the chord, while the letter M (for middle) indi-
cates the M-type standing for the corrugation implemented at the
upper and lower parts of the chord.

3.1. Effect of wing kinematics modulation

Table 2 shows the CFD simulation results for the TEC-WK and
five modified wing kinematics, together with the cycle-average
AoAs and spanwise-average cambers. For the first two wing
kinematics verl and ver2 with chordwise camber but without
spanwise twist, the cycle-average AoAs are about (30-32)°. The
spanwise-average cambers of ver1l and ver2 are about 18.6%, which
are slightly larger than that of the TEC-WK of about 17%. Verl
shows reduction of the lift and drag for about (20.7 and 49.3)%
respectively, resulting in a surge of the L/D for 57.5%, compared
to those of the TEC-WK. Meanwhile, the increase in the L/D for
ver2 is about 44.3%. On the other hand, ver3 and ver4 with chord-
wise camber (Fig. 5e) and spanwise wing twist (Fig. 5f) show the
satisfactory lift production of about 20 gf. The spanwise-average
camber of ver3 is about 17.2%, while that of ver4 is approximate
18.9%. The lift and drag of ver3 are (3 and 21)%, respectively, lower
than those of TEC-WK, while the L/D increases by 24%. Similarly,
the wing kinematics ver4 increases the L/D by 20%.
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Table 2
Cycle-average AoAs and CFD results for the TEC-WK and modified wing kinematics over a flapping cycle.
Case(s) Name AoA [°] Camber [%] L [gf] D [gf] L/D
Reference TEC-WK 403 17.0 203 17.95 113
Camber only verl 29.8 18.6 16.1 (—20.7%) 9.1 (—49.3%) 1.78 (+57.5%)
ver2 314 186 16.8 (—17.2%) 10.3 (—42.6%) 1.63 (4+44.3%)
Twist and camber ver3 36.9 17.2 19.7 (—2.9%) 14.1 (—21.4%) 1.39 (+24.0%)
ver4 379 18.9 20.7 (42.0%) 15.3 (—14.8%) 1.35 (4+19.5%)
Twist only ver3* 36.9 0.0 16.9 (—16.7%) 13.5 (—24.8%) 1.25 (+10.6%)

Even though ver1 and ver2 provided high L/D, their generated
lifts are not large enough to compensate for the weight. Moreover,
it is challenging to develop a wing with constant AoA along the
wingspan, while still forming a chordwise camber shape. There-
fore, ver3 is chosen for further investigation, as presented in the
next sections. In addition, to investigate the effect of chordwise
camber, we removed the camber in the wing kinematics ver3, and
estimated the lift and drag generations, as shown in Table 2 for
ver3* with the twist-only case. The results in Table 2 show that
the camber (of the ver3 case) increases the lift by 16.6% (19.7 gf
and 16.9 gf) and the drag by 4.4%, resulting in 11.2% improvement
of the L/D, which results are compared to those of the twist-only
case ver3*. Since the lift produced by the modified wing kinematic
ver3 is close to that by TEC-WK, while the drag is significantly de-
creased, the mechanism for force production is investigated and
compared to that of TEC-WK.

Fig. 7 indicates the vortex structures over a flapping cycle for
(a) the measured wing kinematics (TEC-WK), and (b) the modi-
fied wing kinematics ver3. The deformed wing shape and vortical
structures of both cases are basically similar. However, the formed
vorticities at t/T = (0.2 and 0.6) of both cases are quite differ-
ent. At t/T = 0.2, for the modified wing kinematics ver3 (Fig. 7b),
larger LEV is mainly formed and concentrated at the outboard
wing, compared to those formed by the measured wing kinematics
(Fig. 7a). As elsewhere reported [5,56], lower pressure due to the
larger LEV enhances the lift generation. In contrast, at t/T = 0.6,
the wing kinematics ver3 produces smaller LEVs at the outboard
wing (Fig. 7b), compared to those by the measured wing kine-

matics (Fig. 7a). Figs. 8 show the lift (al, a2) and drag (b1, b2)
at point 1 (¢/T =0.21) and point 2 (t/T =0.54) at r/R = 0.88 for
both wing kinematics. At point 1, the modified wing kinematics
ver3 increases the lift by 49.6%, but at point 2, it reduces it by
about 69.8% (see Figs. 8al and a2), which values are compared to
those of the reference TEC-WK. As a result, at point 1, the drag,
which is here defined as the horizontal component of the resul-
tant force, also increases by about 38.1%, and at point 2, reduces
by 71.0% (see Figs. 8b1 and b2).

In summary, these plots show that when compared to that of
TEC-WK, the cycle-average lift created by the wing kinematics of
ver3 is almost unchanged, while its cycle-average drag is relatively
lower, which satisfies the aerodynamic efficiency enhancement. As
a result, the modified wing kinematics ver3 is chosen to further
investigate the effect of the wing corrugation and clap-and-fling
mechanism on the aerodynamic efficiency, which effect is pre-
sented in the following subsections.

3.2. Effect of the wing corrugation

Table 3 presents the cycle-average lift, drag, and aerodynamic
efficiency of the seven corrugated wings tested with wing kine-
matic ver3, which are compared to those of the non-corrugated
wing. The cycle-average lift generated by LE0O620M and LE0640M
is reduced by about (1.6 and 2.4)%, respectively. Meanwhile, the
amount of change in the lift of the others is almost insignificant.
On the other hand, except for LEO310M and LE0640M showing a
decrease of about (1.0 and 1.8)% in drag, respectively, the other
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wings increase the cycle-average drag. Hence among the tested
corrugated wings, LEO310M demonstrates the best cycle-average
L/D, accounting for a 1.0% increase. To be clear, Fig. 9 compares
the spanwise changes in L, D, and L/D of the seven wings with
those of the non-corrugated wing. There are five regions along the
wingspan that show the five remarkable tendencies in AL, AD,
and A(L/D). From the wing root to 0.1R, significant changes can be
observed in the three quantities (Figs. 9a—c), while the variations of
L and D are quite a bit smaller in (0.1-0.5)R (Figs. 9a and b). Then,
the changes seem evident in the outboard wing (0.5-0.75)R and
(0.75-0.9)R, especially in the wing tip (0.9-1.0)R. LEO310M shows
similarity of lift with the non-corrugated wing from 0.1R to the
wing tip (Fig. 9a), while its drag reduces, especially at (0.1-0.5)R
(Fig. 9b). Therefore, the L/D of LEO310M is relatively higher than
those of the other wings (Fig. 9c).

In Fig. 9, the lift enhancement in the inboard wing can be seen
to be up to 10%. But the overall lift enhancement in the whole
wing is limited to a few percentage points (see Table 3). The rea-
son is that the inboard wing’s contribution to the lift generation
is smaller than that of the outboard wing. This result is consistent
with those from other cases [31,57], which claimed that when the
geometric AoAs were less than 40°, there was almost no contribu-
tion of a wing corrugation to lift enhancement. For clearer analysis,
Fig. 10 presents the changes in L, D, and L/D of the seven wings
compared to those of the non-corrugated wing at the five wing lo-
cations. The reference results of L and L/D for the non-corrugated

wing are located at the origin of the plots. Meanwhile, the refer-
ence D is represented by zero in the color bars of each plot. For
example, the color changes of the symbols, compared to those at
zero (non-corrugated wing), imply that the drag in each of these
cases is less than or higher than the reference D. Fig. 10a shows
the results at the locations from the wing root (OR) to O.1R. In
this range, LEO620M increases the L/D by about 8%, and the lift by
1.5%, but reduces the drag by 5.0%. Meanwhile, LEO310M yields in-
crease of nearly (7, 3, and 5)% in the L, D, and L/D, respectively.
In the range of wing locations in (0.1 - 0.5)R (Fig. 10b), since the
lift slightly increases by 1.0% and the drag decreases by about 2.0%,
LE0310M demonstrates the highest L/D, accounting for about 3.5%
higher than that of the non-corrugated case. Thus, LE0310M is sug-
gested for the area from the root to 0.5R.

At the wing location of (0.5 - 0.75)R (Fig. 10c), the M-type
wings with the corrugation height of 6% of ¢ perform poorer than
the other wings. For example, the lift produced by LE0O620M is the
lowest, while the L/D of LE0O640M is the worst. In contrast, the
B-type wings produce larger lifts and higher L/Ds. Fig. 10c shows
that LE0620B outperforms the others. As a result, LEO620B is sug-
gested for the locations in (0.5 - 0.75)R. At the outboard area, in
(0.75 - 0.9)R (Fig. 10d), as the height and length of corrugation
become larger, the results of M-type wings tend to move to the
left of the plot (i.e., becoming worse). This implies that among the
analyzed M-type wings, LE0O310M produces the best performance.
However, LE0320B produces the highest lift. In order to meet the
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Table 3
Average L, D, and L/D of the seven corrugated wings, compared to those of the non-corrugated wing (Non-cor.).
Stroke(s) Non-cor. LEO310M LE0620B LE0320B LE0620M LE0320M LE0640M LE0340M
L [gf] Downstroke 9.76 9.74 9.94 9.86 9.65 9.80 9.58 9.74
(—0.2%) (+1.8%) (+1.0%) (—1.1%) (+0.4%) (—1.8%) (—0.2%)
Upstroke 9.93 9.93 9.74 9.95 9.73 9.93 9.64 9.93
(40.0%) (—1.9%) (4+0.2%) (—2.0%) (40.0%) (—2.9%) (40.0%)
Total 19.69 19.67 19.68 19.81 19.38 19.73 19.21 19.67
(—=0.1%) (—0.1%) (+0.6%) (—1.6%) (+0.2%) (—2.4%) (—0.1%)
D [gf] Downstroke 6.79 6.67 6.84 6.74 6.64 6.77 6.75 6.74
(—1.8%) (+0.7%) (—0.7%) (—2.2%) (—0.3%) (—0.6%) (—0.8%)
Upstroke 733 7.30 741 747 7.22 7.34 7.58 743
(—0.4%) (+1.1%) (+1.9%) (—1.5%) (+0.1%) (4+3.4%) (+1.4%)
Total 14.11 13.97 14.25 14.22 13.86 1411 1434 14.17
(—1.0%) (+1.0%) (+0.7%) (—1.8%) (+0.0%) (+1.5%) (+0.4%)
L/D [%] Downstroke 144 146 145 1.46 145 145 142 145
(+1.4%) (+0.7%) (+1.4%) (+0.7%) (+0.7%) (—1.4%) (+0.4%)
Upstroke 1.36 136 131 133 135 135 127 1.34
(+0.0%) (—3.7%) (—2.3%) (—0.7%) (—0.7%) (—6.6%) (—1.8%)
Total 139 141 138 139 1.40 140 134 139
(+1.0%) (—1.0%) (+0.0%) (+0.2%) (+0.2%) (—3.9%) (—0.1%)
12 12 T T T 12 T T T
a) b) © 5 LE0320B
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Fig. 9. Changes in L, D, and L/D of the seven corrugated wings, compared to that of the non-corrugated wing.
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lift requirement, LE0320B is recommended in the region (0.75 -
0.9)R. From 0.9R to the tip (Fig. 10e), none of the cases improve
the L/D. Therefore, in this region, the non-corrugated wing is the
best. In summary, the seven tested corrugated wings show differ-
ent characteristics at each spanwise location. More specifically, for
the wing location from the root to 0.5R, LEO310M is proposed.
For (0.50 - 0.75)R, LE0620B outperforms the other wings. For the
spanwise position in (0.75 - 0.9)R, the B-type LE0320B is selected,
because it yields a higher lift than the others; while at the tip, the
non-corrugated smooth wing is suggested.

Overall, from the wing root to 0.5R, the LEO310M improves the
aerodynamic efficiency by about 5%, compared to that of the non-
corrugated wing for the range of high AoAs from (50 to 80)°. How-
ever, when the AoAs become lower in the outboard wing (Fig. 5f),
the aerodynamic efficiency of each of the corrugated wings re-
duces, especially from 0.75R to the wingtip. A similar tendency
was found in the analysis of 2D flapping wings, as reported in
[27]. Elsewhere [31], the aerodynamic performances between the
corrugated wing of the dragonfly and the flat plate at the Re num-
ber range (500 to 10,000) were almost similar for small AoA of
less than 10°. Kim et al. [57] showed that the effects of corrugated
profiles based on the dragonfly wing section at Re numbers of 150,
1,400, and 10,000 were insignificant at AoAs up to 40°. Therefore,
in this paper, we suggested a wing model employing different cor-
rugated wings along the spanwise direction, which was named N2
wing, and investigated its aerodynamic performance.

Fig. 11a shows the non-corrugated wing configuration, and
Fig. 11b displays the N2 wing with the corrugations implemented
along the wingspan. The M-type corrugation is applied from the
root to 0.5R, while the B-type wings are employed for (0.5 - 0.9)R.
Fig. 11c compares the changes in L, D, and L/D of the N2 wing,
and those of the non-corrugated wing. The results indicate that
the cycle-average L/D increases for (0.0 - 0.1)R by 2.9%, for (0.1 -
0.5)R by 5.2%, and for the outer wing, decreases gradually. More
clearly, Table 4 illustrates the cycle-average L, D, and L/D of the
N2 wing for the entire wing length. The N2 wing produces al-
most the same lift, while over one cycle, the drag drops by about
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Table 4
Average lift, drag, and aerodynamic efficiency of the non-corrugated and N2 wing
configurations.

Downstroke Upstroke Total
Non-cor. L 9.76 9.93 19.70
D 6.79 733 14.12
L/D 144 1.36 139
N2 L 9.80 (+0.4%) 9.91 (—0.2%) 19.71 (+0.1%)
D 6.77 (—0.4%) 7.09 (—3.2%) 13.86 (—1.9%)
L/D 1.45 (4+0.8%) 1.40 (+3.1%) 142 (+2.0%)

1.9%. Therefore, compared to that of the non-corrugated wing, the
L/D of the N2 wing increases by over 2.0%. In more detail, Table 5
presents the results of the N2 wing at (0.15, 0.375, and 0.75)R. At
0.15R, the N2 wing shows a 6.0% increase of lift, while the drag
reduces by 3%, which yields a surge of the L/D of about 9.3%. At
0.375R, the lift is the same, but its drag is lower by about 4.1%,
producing an increase in L/D of about 3.5%. At 0.75R, since the
wing shows a 1.5% increase in lift while the drag remains almost
unchanged, the N2 wing shows a 1.8% increase in L/D. From this
analysis, we may conclude that the N2 wing demonstrates about a
2% increase in the L/D. However, readers should note that this ap-
proach has limitations since flow interaction in the N2 wing was
not considered.

3.3. Effect of the clap-and-fling

This section investigates the effect of the clap-and-fling on force
generation for both cases of the TEC-WK and the modified wing
kinematics ver3. In the KUBeetle design, the actual distance be-
tween the flapping axis and the symmetry plane is 8 mm (the
distance between the two flapping axes = 16 mm) (Fig. 3b). For
the case of no clap-and-fling effect, this distance is extended to
20 mm (the distance of two flapping axes = 40 mm), which is
enough to remove the effect of clap-and-fling. Table 6 compares
the results of L, D, and L/D of the four cases (a2) and (b1-3) to
those of the reference case (al). The study confirms that for both
wing kinematics, the contribution of the clap-and-fling effect to lift
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Table 5
Results of the N2 wing compared to the non-corrugated wing at (0.15, 0.375, and 0.75)R.
0.15R Non-cor. N2 0.375R Non-cor. N2 0.75R Non-cor. N2
L [gf] Downstroke 0.09 0.09 (+0.0%) Downstroke 0.28 0.29 (+3.6%) Downstroke 0.64 0.64 (+0.0%)
Upstroke 0.09 0.10 (+11.0%) Upstroke 0.29 0.28 (—3.5%) Upstroke 0.66 0.67 (+1.5%)
Total 018 0.19 (+6.0%) Total 0.57 0.57 (40.0%) Total 1.30 1.32 (+1.5%)
D [gf] Downstroke 017 0.18 (+6.0%) Downstroke 0.24 0.24 (—0.0%) Downstroke 0.34 0.34 (—0.0%)
Upstroke 0.15 0.15 (—0.0%) Upstroke 0.25 0.23 (—8.0%) Upstroke 045 0.45 (—0.0%)
Total 0.33 0.32 (—3.0%) Total 0.49 0.47 (—4.1%) Total 0.79 0.79 (—0.0%)
L/D Downstroke 0.52 0.54 (+3.8%) Downstroke 116 1.20 (+3.5%) Downstroke 1.85 1.88 (+1.6%)
Upstroke 0.57 0.65 (+14.0%) Upstroke 115 1.20 (+4.4%) Upstroke 1.49 1.51 (+1.4%)
Total 0.54 0.59 (+9.3%) Total 116 1.20 (+3.5%) Total 1.64 1.67 (+1.8%)

Table 6
Effects of the wing kinematics modulation, wing corrugation, and clap-and-fling on L, D, and L/D.
Land D a) TEC-WK b) Modified wing kinematics ver3
[gf] al) Non-cor. & C-F | a2) Non-cor. & N-C-F b1) Non-cor. & C-F b2) N2 & C-F b3) N2 & N-C-F
Stroke(s) L D LD | L D L/D L D L/D L D L/D L D L/D
Downstroke | 940 850 112 | 9.14 7.84 117 9.76 6.79 144 9.80 6.77 1.45 9.37 6.14 1.53
(—=2.7%) (—7.8%) (+4.5%) | (+3.8%) (—20.1%) (+28.6%) | (+4.3%) (—20.4%) (+29.5%) | (—0.3%) (—27.8%) (+36.6%)
Upstroke 10.80 940 113 | 1023 857 119 9.93 733 1.36 9.91 7.09 1.40 9.44 6.61 143
(=5.3%) (—8.8%) (+5.3%) | (—81%) (—22.0%) (+20.4%) | (—82%) (—24.6%) (+23.9%) | (—12.6%) (—29.7%) (+26.5%)
Total 2030 1795 113 | 19.37 16.42 118 19.70 1412 139 19.71 13.86 142 18.80 12.74 1.48
(—4.6%) (—8.5%) (+4.4%) | (=3.0%) (—21.3%) (+23.0%) | (—2.9%) (—22.8%) (+25.7%) | (—74%) (—29.0%) (+30.9%)

“C-F" = clap-and-fling; “N-C-F” = non-clap-and-fling.

enhancement is about 4.8% (comparing the total lifts in al and a2,
and those in b2 and b3 in Table 6); however, their produced drags
also increase. In particular, in the TEC-WK, the clap-and-fling in-
creases the cycle-average drag by 9.3% (comparing the total drags
in a1l and a2), and in the modified wing kinematics ver3 by 8.8%
(comparing the total drag in b2 and b3 for the N2 wing). Therefore,
for both wing kinematics, the clap-and-fling cases tested show ap-
proximately (4.2 and 4.1)% lower in L/D, when compared to those
in al and a2, and those in b2 and b3, respectively. Thus, the
suggested N2 wing with the kinematic ver3 increases the cycle-
average L/D by about (25.7 and 30.9)% for the clap-and-fling case
and the non-clap-and-fling case, respectively, compared to the L/D
of the TEC-WK (case al in Table 6). However, their lifts slightly
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decrease by about (2.9 and 7.4)%, respectively. In summary, even
though the clap-and-fling contributes to the lift enhancement, it is
inefficient for the KUBeetle robot. The result agrees with that in
the study by Miller and Peskin on tiny insects at low Re, in which
the clap-and-fling for the rigid wing increased the drag ten times,
and for the flexible wing, five times [58].

4. Conclusions

This paper presented a CFD study on the aerodynamic efficiency
of the KUBeetle that considered the effects of wing kinematics,
corrugation structures, and the clap-and-fling mechanism. Based
on the measured reference wing kinematics, four wing kinemat-
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ics were investigated to find the proper one that would improve
L/D, while maintaining similar lift. The results of the modified
wing kinematics ver3 with camber and twist outperformed the
other suggested cases, improving the aerodynamic efficiency by
24%, while producing enough lift to compensate for the weight.
The study also confirmed that the chordwise camber improves
both lift and L/D by about (16.7 and 10.6)%, respectively. Then,
the effects of various corrugations were investigated with wing
kinematics ver3. From the results of lift and L/D, we proposed a
corrugated N2 wing with different corrugations distributed along
the wingspan. Although the N2 wing slightly increases the L/D by
about 2%, this research contributes to the idea in designing a wing
for FW-MAVs of unifying different corrugation structures along the
spanwise direction. Finally, we examined the contribution of the
clap-and-fling on the force generation at the stroke reversals. The
results revealed that the clap-and-fling contributes to both lift and
drag improvement, by about (5 and 9)%, respectively, resulting in
about 4% reduction of L/D for both wing kinematics. Therefore, the
clap-and-fling benefits lift, but reduces aerodynamic efficiency. In
conclusion, if the clap-and-fling effect is eliminated, the corrugated
N2 wing using the wing kinematics ver3 may increase the aerody-
namic efficiency of the KUBeetle robot by 31%. The question then
arises of how can we reproduce the suggested wing kinematics?
Since the wing of the KUBeetle is made of a thin plastic film rein-
forced with thin carbon/epoxy strips, the passive wing deformation
differs, depending on the pattern of the strip. Therefore, we can
tailor the strip pattern to passively reproduce the suggested wing
kinematics, especially ver3 and ver4, which are more physically
feasible. In addition, the trailing-edge position at the wing root
can be either passively or actively shifted during flapping strokes
to modify the wing rotation characteristics. We will report the rel-
evant research progress in the near future.
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