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ARTICLE INFO ABSTRACT

Handling Editor: Prof. A.L Incecik Mimicking the unpowered gliding capabilities of flying fish is challenging, due to the various technical limita-

tions that are involved in creating a dual-modal robot that can both swim underwater and fly in the air. In this

Ke}fwor d5 o work, we suggest a modified KUFish design equipped with a pair of foldable wings for gliding flight in the air.
lélff;‘?g'ﬁSh"“Sp‘red robot Although the current water-leaping speed of the KUFish is lower than that of flying fish, the robot may be able to
iding

lift off by taking advantage of a head wind and forces produced by tail-beating motion, compensating for its
weight, and overcoming the drag. Our series of computational fluid dynamics simulations has shown that with
the unfolded wings and fully submerged tail-beating motion, when the wing and body angles are maintained in
specific ranges under the head wind speeds of (9.5 and 6.5) m/s, the robotic fish after water-leaping can perform
efficient gliding flight without generating pitching moment. This work can also be used to explain how flying fish
perform gliding flight under tail-beating motion, and to develop an actual model of the dual-modal robot that
mimics flying fish in the future.

Tail-beating
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1. Introduction

The studies of animal locomotion in nature over the past centuries
provide valuable inspirations for developing robotic locomotion systems
(e.g. swimming, jumping, crawling, and flying) (Mallock, 1928; Lock
et al.,, 2013). Among many species exhibiting multi-modal behaviour,
we are especially interested in the flying fish, which is a marine fish of
the Exocoetidae family with unique aerial-aquatic transition capability.
The studies of the flying fish in Breder (1929), Fish (1990), Davenport
(1994), Park and Choi (2010), and Nelson et al. (2016) inspire re-
searchers to develop robots that can fly after swimming, or swim after
flying (Siddall and Kovag¢, 2014; Siddall et al., 2017; Zeng et al., 2022).
As discussed in Davenport (1994), flying fish jump out of water with a
speed of about 10.0 m/s, which is equivalent to (10—20) body lengths
per second. After reaching a fast-swimming speed to exit the water
surface, flying fish can effectively glide at relatively fast speed (Fish,
1990). When they completely leap out of the water, the flight efficiency
of flying fish is due to unpowered gliding without flapping pectoral fins
or beating tail.

Although the unique dual-modal locomotion of flying fish has drawn
much attention from scientists, only a few studies have addressed the
aerodynamic characteristics of flying fish models. For example, Park and
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Choi (2010) performed a series of wind-tunnel experiments to investi-
gate the aerodynamic performance of the gliding flight for several real
flying fish models (Cypselurus hiraii). For the experiments, to maintain
the body and wing geometries, the bodies of the fish models were
hardened through injecting urethane foam inside the body, while
fully-spread wings were fixed. They confirmed that at an angle of attack
(AoA) of around (30-35)°, their flying fish models weighing 0.6 N
achieved the maximum lift coefficient (C.) of about 0.78, while the
maximum lift-to-drag ratios (L/D) were about 4.37 at an AoA of (-5 to
0)°. This agrees with the previous observations on the body angle of
flying fish during leaping from the sea surface and performing gliding, in
which the largest lift is required, as reported by Hertel (1966) and
Davenport (1994). Inspired by this work, the aerodynamic characteris-
tics of the artificially designed flying fish models, whose geometric pa-
rameters were designed based on the real flying-fish models tested in the
wind-tunnel experiment by Park and Choi (2010), were numerically
studied using the Spalart-Allmaras Delayed Detached Eddy Simulation
model (SA—DDES) (Deng et al., 2019a). They reported that the
maximum Cp, of 1.03 is computed at an AoA of 35°, while the maximum
L/D of 4.7 is obtained at an AoA of 6°. Also, they analyzed the longi-
tudinal stability of the models by ranging the CG locations such that as
the AoA increases, the slope of pitching moment is negative. To perform
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the taxiing on the sea surface, in Deng et al. (2019b), the hydrodynamics
of the rigid beating and periodically morphing tails were investigated for
variations of tail-beating frequencies from (80-200) Hz using the SST
K-0 Detached Eddy Simulation model and Volume of Fraction (VOF)
method to model the two-phase simulations. They concluded that under
an inflow speed of 16.5 m/s, the requirement of minimum power for
cruising is 350 W and the tail-beating frequency is 145 Hz, which is
significantly greater than that of about 50 Hz based on the observation
by Hertel (1966).

Recently, thanks to technological advancement, creating a robot that
is able to perform dual-mode locomotion has become a feasible task,
even though it is still challenging (Siddall and Kovac, 2014; Lock et al.,
2013; Zufferey et al., 2019; Siddall et al., 2017; Zeng et al., 2022; Sihite
et al., 2023). To mimic the gliding of flying fish, we first need to create a
fish-like robot that can swim fast underwater, leap out of water, and
perform water taxiing with relatively fast speed. For faster swimming,
the body undulation needs to decrease, mimicking the thunniform fish
(Salazar et al., 2018). Incidentally, the most noticeable robot using
tail-beating mechanism is the iSplash—II (Clapham and Hu, 2015),
which is the fastest swimming robot mimicking carangiform swimmers
with the body undulation increasing toward the caudal tail fin area. In
practice, the iSplash—II could reach an average maximum speed of 3.6
m/s (11.6 body lengths per second). Considering that this speed is the
fastest swimming speed ever recorded by a tail-beating robotic fish
(Clapham and Hu, 2015; Pham et al., 2023), it is evident that the
water-leaping speed of real flying fish (~10.0 m/s) is too high to model.
Therefore, creating a fish-like robot with a swimming speed of 10 m/s
may be difficult due to many technical hurdles, including high power
requirement (Gao and Techet, 2011; Deng et al., 2019b).

Flying fish do not always successfully perform such a complete jump
out of water at high speed. Even though the water-leaping speed is lower
than 10 m/s, they can manage to glide in the air by beating their tails,
which remain underwater, as shown in Fig. 1a by Bamford (2016). Even
if the flying fish jumps out of water into head winds with relatively lower
water-leaping speed, it can still perform gliding flight by producing lift
from its unfolded wings or pectoral fins, and thrust by its beating tail. As
reported in Breder (1929), since flying fish tend to take off into the wind
for unpowered gliding flight, while swimming underwater they may
recognise pressure wave propagation above the water surface, and
through water-air mixture created by the wind, to choose the
water-leaping direction. The study also emphasised that the number of
launches of flying fish into head wind is three times higher than that into
downwind. This inspired us to generate a feasible design of the gliding
flying-fish-like robot supported by tail-beating motion and study the
required conditions to reproduce this unique flight mode of flying fish.

For the study, we used our previously developed robotic fish pre-
sented in Pham et al. (2023). Here, we only summarise the publication.
The robotic fish, called KUFish, is propelled by a tail-beating pme-
chanism, driven by a DC motor. The mass of the KUFish is 116 g, and the
body length is 160 mm. The robot was designed to make it swim fast
underwater, leap out of water with a relatively high jumping speed, and
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stay in the air for a short time. In practice, the robot could perform fast
swimming with a speed of about 1.4 m/s, and its body completely jump
out of the water. At the instant of water leaping, the Froude number is
about one. In this work, the anterior body is equipped with a pair of
foldable wings. For underwater swimming, the wings should be folded,
while after leaping out of the water, unfolded for gliding in the air.
However, it is obvious that the KUFish may not create sufficient lift to
compensate for the desired body weight of about 1.2 N, which is the
weight of the robot equipped with two wings of about 6.4 g, at the
take-off speed of 1.4 m/s. Therefore, for a gliding flight in air, the robot
somehow needs to take advantage of a head wind, which is against the
forward motion, even when the water-leaping speed is lower than 10
m/s. If the sum of the head wind speed and the water-leaping speed
reaches the minimum take-off speed, the KUFish still has a chance of
gliding. In this case, the thrust produced by underwater tail-beating
motion may provide an additional vertical force to support the weight,
and a reasonable thrust to overcome the drag. For such gliding flight, the
pitching moment at the center of gravity (CG) must be zero for longi-
tudinal static stability. Fig. 2 illustrates the potential procedure of the
gliding flight of a flying-fish-like robot supported by the tail-beating
motion after water-leaping of the body.

Taking these considerations into account, we perform a series of
three-dimensional computational fluid dynamics (CFD) simulations
using ANSYS—Fluent (ANSYS Inc, 2009) to analyze the wing and body
aerodynamic and tail hydrodynamic characteristics. The numerical
methods are widely used to investigate the hydrodynamic characteris-
tics of the underwater swimmers (Suzuki and Kato, 2005; Liu et al.,
2011; Borazjani, 2013; Tanaka et al., 2019; Deng et al., 2019a, 2019b;
Han et al., 2020) and water-jumping fish (Mendelson and Techet, 2018;
Khosronejad et al., 2020). The aerodynamic analyses assume the wings
and body to be stationary during the gliding flight. Meanwhile, in the
analyses of the tail, the tail-beating kinematics at a frequency of 9.1 Hz,
which is measured in the tethered swimming test, is applied for the
dual-media flow simulations. We assumed that the tail is fully sub-
merged underwater during tail-beating motion for all body angles
considered in this study, even after the body jumps out of water with an
assumed speed of 1.5 m/s, which is slightly higher speed than that
measured in Pham et al. (2023). To ensure the tail remains fully un-
derwater during the tail-beating supported gliding flight, the peduncle
length is extended to 35 mm from its original design of 18 mm, as re-
ported in Pham et al. (2023). The gliding ability of the KUFish is first
examined for a head wind speed of 9.5 m/s, corresponding to an effec-
tive inflow air speed of 11.0 m/s. The effect of head wind is also tested
for lower speeds of (6.5 and 4.5) m/s, corresponding to the effective
inflow air speeds of (8.0 and 6.0) m/s, respectively. The selected head
wind speeds are within the actual wind speed range of the Indian Ocean
(Kumar et al., 2013). After performing the numerical tests, the total
vertical and horizontal forces, and pitching moments about the CG by
the tail, wings, and body, are analyzed to identify the conditions under
which the robot can perform a tail-beating supported gliding flight with
the best gliding efficiency. The conditions are for a larger lift than the

Fig. 1. a) Flying fish gliding supported by tail-beating (Bamford, 2016), and b) forces acting on the body.
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Fig. 2. Schematics of the gliding flight supported by the tail-beating motion of the KUFish.

total weight, a greater thrust than drag, and a zero-pitching moment
about the CG.

This paper is constructed as follows: Section 2 defines the feasible
morphological parameters of the modified KUFish, tail-beating kine-
matics, and CFD modelling of the wings, body, and tail, and also de-
scribes numerical estimations for the mean aerodynamic centers of the
wing (ACy) and body (ACy), and the mean hydrodynamic center (HC) of
the tail; it also explains the calculations of pitching moment about the
CG (Mcg). Section 3 reports the computed aerodynamic forces by the
wings and body, and hydrodynamic forces by the tail, and also analyses
the effects of head winds on the gliding flight supported by tail-beating
motion. Section 4 discusses the results, while Section 5 concludes the
paper. Appendix A compares the aerodynamic characteristics of the
KUFish with those of the real flying fish.

2. Materials and methods
2.1. Flying-fish-mimicking model of the KUFish

Fig. 3 defines the physical parameters of the KUFish with wings,
while Table 1 lists their feasible values. The wings of the KUFish need to
satisfy similar characteristics to those of the real flying fish, for example,
wing shape, wing loading, and aspect ratio. The principles of wing
design are explained as follows. Based on the findings of several real
flying fish tested in Davenport (1994) and Fish (1990), Park and Choi
(2010) plotted the allometric relationship between the wing loading and
body length of fish models. As reported by Park and Choi (2010), the
average body length of the studied adult flying fish varies from about
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Table 1
Morphological parameters of the KUFish model.
Symbols  Unit KUFish

Wing:  Aspect ratio AR 9.4
Mean chord length Crmean mm 50
Lateral dihedral wing angle B degree 12
Initial incidence angle of the wing Awo degree 15
One-wing length Ly mm 225
Two-wing wetted area Sw cm? 235.78
Wingspan S mm 471.6
Wing mass my, g 6.4

Tail: Length of peduncle Ipe mm 35
Tail length A mm 65
Tail height hy mm 70
Tail area S, cm? 22

Body: Body length IS mm 177
Body mass my g 116
Body wetted area Sy cm? 211.0
CG coordinate from the nose zcG/ly 0.46
CG coordinate below the longitudinal Yeg/he 0.073
body axis

(200-250) mm, corresponding to a wing loading of about (50-70) N/m?.
For our design, after extending the peduncle length, the total body
length of the KUFish is 177 mm, which is close to the measured length of
adult flying fish. Based on this, if we assume the total weight (W) is
about 1.20 N, including the wing mass of 6.4 g, the area of our KUFish
wings is suggested to be about 240 cm? to result in the wing loading of
about 50 N/m?. Since the wing area of the KUFish is about 10 times

Length of
peduncle, Z,,
4

7

Longitudinal
body axis
. [

/

Iy length, /; Tail height, A,
z o (Side view)

Fig. 3. Definitions of morphological parameters for the KUFish with wings.
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greater than that of our flapping-wing robot, called KUBeetle (Phan
et al., 2017), the mass of the two wings is estimated to be about 6.4 g by
proportionally increasing the wing mass of the KUBeetle, of about 0.4 g,
and adding more rigidity. However, to make the robot controllable, we
expect more weight increase. Therefore, in Section 4, we later discuss
the difference when the robot has a heavier total weight.

In addition, as discussed in Anderson (2009) and Bras et al. (2022),
the wings with high AR are beneficial to reduce induced drag and
improve longer flight endurance. Thus, the current wings of the KUFish
have a relatively high AR of about 9.4, which is also in a similar range to
that of birds (Fish, 1990; Withers, 1981). The wings are installed with a
lateral dihedral wing angle (f) of 12°, and an initial incidence wing
angle or angle of attack with respect to the horizontal line (ao) of 15°.
Real flying fish were observed to adjust their wing angles during flights
under certain conditions (Hubbs, 1933). Thus, the KUFish wings are
designed to rotate about the pivot 02, which is slightly above and in
front of the CG. Meanwhile, the body rotates about the pivot O1, which
is a projected point of O2 on the plane of symmetry. After attachment of
the wings and extension of the peduncle length, we expect that the CG
remains unchanged from the location of the previous design by Pham
et al. (2023), which is 0.46 [, from the nose, and 0.073 h, below the
longitudinal body axis (see Table 1).

2.2. Measurement of the tail-beating kinematics and thrust prediction

The actual tail-beating kinematics are required for the CFD analysis
to predict thrust generation by tail-beating motion. Fig. 4a presents the
test setup used for measurement of the tail-beating kinematics without
the yawing motion, while Fig. 4b shows an image recorded by a high-
speed camera (Photron, Camfast Mini UX 50, Japan) taken from the
top view. As evidenced by the experiment, the tail deforms along the
length direction, while its flexibility along the height direction is
insignificant. As shown in Fig. 4b, the tail is installed such that it rotates
around the pivot point, at which the peduncle and body are connected.
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To reconstruct the underwater tail-beating motion, the seven macros are
marked at the hinge and other six locations along the tail length at (O,
0.2, 0.3, 0.5, 0.75, and 1.0) [;. The MATLAB software package DLTdv8
(Hedrick, 2008) is used to manually digitise the locations of these points
at each time step. In our previous studies, the same technology was
successfully employed to track and fit the underwater free-swimming
kinematics of the KUFish (Nguyen et al., 2022b), and the hovering
wing kinematics of flapping-wing robots (Nguyen et al., 2021a; Au et al.,
2020). To compute the tail-beating angles, 0 is defined as the angle
between the z-axis and the line, connecting the rotation axis and each
macro marked on the tail. We use Eq. (1) to fit the measured angles over
cycles at each macro:

k=9
o(t) = ap + Z[akcos(anft) + bysin(2kxft) |, 1)

k=1

where the coefficients of ag, ay, and by are designated in the user-defined
function in ANSYS—Fluent. Fig. 4c shows the measured and fitted
beating angles at each location. Then, the spline interpolation method is
used to interpolate the tail-beating angles along the tail length direction.
Fig. 4d displays the underwater tail-beating motions reproduced in
ANSYS—Fluent. The CFD results revealed that the cycle-average thrust
generated by this tail-beating kinematics with a peduncle length of 18
mm is 0.97 N, which is 10% smaller than the measured thrust of 1.08 N
reported in Pham et al. (2023). Therefore, the estimated thrust by the
CFD is in good agreement with the measured thrust under the
zero-inflow speed. More details on the CFD modelling and the results are
available in Nguyen et al. (2022a).

In the current two-media (air and water) transient simulations, since
the flow is very diffusive, the tail-beating cycle is redefined to begin at
the middle of the stroke, corresponding to t/T = 0.25 of the tail-beating
kinematics presented in Fig. 4d1 and 2, which makes the mesh around
the tail symmetric. In this study, the measured tail-beating kinematics is
applied to its fully-submerged tail-beating motion, as shown in Fig. 5 for
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Fig. 4. Measurement of the underwater tail-beating kinematics: a) Experimental setups. b) Definitions of tail angles. ¢) Measured (m) and fitted (f) data. d) Tail-

beating motions reproduced in the CFD.
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Fig. 5. Tail-beating motions for a, = (30 and 60)° at a) t/T = 0.25, and b) t/T = 0.75.

the two body angles of (30 and 60)° tilted from the horizontal plane. The
dashed lines on the vertical yz plane represent the rotation axes of the
tail, while the horizontal solid red lines represent lines of intersection
between the yz plane and the water surface.

2.3. Computational fluid dynamics (CFD) modelling

The simulations are independently performed for the aerodynamics
of the wings and body, and for the hydrodynamics of the tail, whose
modelling of the computational domains is shown in Fig. 6a and b,
respectively. Since the effect of water-air interaction on the aero-
dynamic features of wings and body is assumed to be negligible, the
wings and body are analyzed in the steady airflow condition. Mean-
while, since the composition of an air and water mixture is involved in
the tail-beating simulation, we have applied the volume of fraction
(VOF) method to model the water surface. To save computing time, the
mesh in the far field region is stationary, whereas the dynamic mesh
method is applied in the high-density region around the tail. For the
simulations, we used a high-performance computer with 12th Gen
Intel® Core™ i5-12,600 K 3.7 GHz x 16 processors. The Reynolds
numbers, Re, of the tail, body, and wings are computed using Eq. (2):

Re = Vinﬂow X lrc X 0717 (2)

where Vinow is the effective inflow air speed (11.0 m/s) for the wings
and body, and the inflow water speed (1.5 m/s) for the tail, v is the
kinematic viscosity of the fluid at 20 °C (1.004 x 107° m?/s for water,
and 1.511 x 10> m?/s for air), and [, can be the reference lengths of the
tail (1), and the body (I,), and the mean chord of the wing (cmean ). Since
Re is about 3.6 x 10* for the wing, 1.3 x 10° for the body, and 9.7 x 10*
for the tail, the SST K-w is designated to model the massively turbulent
diffusion by the flow separation from the wings and body at high angles
of attack, and the tail during tail-beating motion. For the tail simulation,
the timestep, At is set to 1/1,000" of the tail-beating cycle to ensure the
Courant number (Co) is smaller than one, satisfying the Courant-Frie-
drichs-Lewy (CFL) condition (Courant et al., 1928), Co = uAt/Ah <1,
where u is the local speed of fluids travelling across a local grid cell Ah in
a unit of time At. Based on the Blasius solution for flat-plate turbulent

flow (Schlichting, 1979), the boundary layer thickness, as denoted by &,
in Eq. (3), is about 2.3 mm for the wing, and about 2.5 mm for the tail:

8, = 0.38 x [,. x Re™'/?, 3)

where [, represents the lengths of the tail () and the wing (cmean). TO
model the boundary layer of the wing, seven prismatic cell layers are
grown from the wing surface with the first cell height (H;s) of 0.2 mm,
corresponding to Y* of about 9. To model the tail, since the shape is too
complex to guarantee high quality of the first and last layers in terms of
geometric orthogonality, only five layers are created within a half of the
boundary layer thickness of 2.5 mm with the H;i of 0.15 mm, corre-
sponding to Y of about 10. Even though the Blasius estimated solution
is for the flat plate, the same H;s and number of prismatic cell layers for
the wings are set to the body for consistency. Equation (4), which is the
formula of the geometric series (Moise, 1967; Riddle, 1970), is used to
calculate the two dependent variables G and N, based on the Hy for a
desired Y*:
N

By=Hiy )
where 3}, is the boundary layer thickness estimated by the Blasius’s so-
lution, Hyy is the first cell height from the wall surfaces, G is the layer
growth ratio, and N is the number of layers.

2.4. Mesh convergence study

The mesh convergence is validated by the two grid parameters (in
milimeter): the maximum edge length of the triangular cells on the tail,
wing, and body surfaces, [, and the maximum edge length of tetrahedral
cells around the high-density region for tail and near-wall boxes for
wings, ;. For aerodynamic analyses, three cases of the grids 1, 2, and 3
are created to study the mesh convergence, and Table 2 shows their
parameters. The lift (C; , and C; ) and drag (Cp, and Cp,) coefficients,
and pitching moment coefficients about the CG (Cycgw and Cucgy) are
shown for a,, = 0° (corresponding to the effective wing angle of attack,
Qeff = Ay + Awo = 15°) and a, = 35° in Table 3. Equations (5)-(7) are
used to define the Cy,, Cp, and Cy;cg for the wings and body, respectively:
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Fig. 6. Models of the computational domains for: a) the wings and body, and b) tail; and the mesh refinement around c) the wings and body, and d) tail.

Table 2
Grid information for the mesh convergence study of the wing simulation
including wall layers.

Grid Grid size (approx.) N G Hast Y+ I xlp

1 4,273,000 6 1.224 0.30 ~13.3 0.80 x 5.00

2 5,500,000 7 1.170 0.20 ~9.0 0.70 x 4.00

3 8,171,000 9 1.224 0.10 ~6.6 0.60 x 3.00
Table 3

Converged aerodynamic coefficients by the three grids for the wing angle a, of
0° and body angle ay, of 35°.

Grid  CrLy CLp Cpw Cpp ChMee ChMeos

1 0.740 0.061 0.206 0.048 0.0479 0.0080
(+1.1%) (+1.7%) (+1.5%) (+2.1%) (4+10.4%) (—8.0%)

2 0.735 0.060 0.205 0.047 0.0471 0.0085
(+0.4%) (+0.0%) (+1.0%) (+0.0%) (+8.5%) (—2.3%)

3 0.732 0.060 0.203 0.047 0.0434 0.0087

@ The calculations of pitching moment for the wing are based on the CG when
ap = 35° (see Subsection 2.5 for more details).

CLy =L/ (0.5pV2S,),

5
Cuy = Lo/ (0.5pV2S1), ®
Cpw =Dy /(0.5pV2S,), ©)
Cop = Db/(O-SPV:Sb)7
CMCQw = MCG.W/(Ovspvzsowean) ) @)

CMCG,b = MCG,b/(0.5PV§SbIb),

where the subscripts “w” and “b” stand for wing and body, respectively.
L, D, and Mcg are the lift, drag and pitching moment about the CG,
respectively, p is the air density, V, is the effective inflow air speed, and
Sw and S, are the wetted areas of the wings and body, respectively.
Despite the significantly large difference of the total grid number, all
desirable Y* values by the three grids are smaller than 14, as shown in
Table 2, which results in three almost identical aerodynamic coefficients
in Table 3. Thus, grid 2 is confirmed as the mesh that provides converged
solutions for the aerodynamic simulations.

For the tail, the three meshes without prismatic layers, termed coarse
grid 1, medium grid 2, and fine grid 3, are created for the mesh
convergence study. Since the cycle-average forces of the 2nd and 3rd
cycles are almost identical, the forces at the 2nd cycle are regarded as
converged solutions (see Table 4). For the time courses in Fig. 7a, the
forces by medium grid 2 show similar tendencies, compared to those by
the finest grid 3, while the computing time for grid 2 is one day shorter.
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Table 4
Grid information and cycle-average forces and moments for the case a, = 30°.
Grid 1 Grid 2 Grid 3 Grid 4
Layers No No No Yes (Hiqy = 0.15 mm)
I xly 1.0 x 4.0 0.75 x 3.5 0.5 x 3.0 0.75 x 3.5
Size 712,232 1,632,503 2,523,119 1,776,228
Y* 20 — 30 20 - 30 20 — 30 <10
Time 2.0 days 3.0 days 4.0 days 3.0 days
The cycle-average forces and moment at the second tail-beating cycle F. Fy, Mca, Fu. Fy, Mca,
) N) (Nm) N) ) (Nm)
0.51 (+6%) 0.31 (—9%) —0.001 (+83%) 0.48 0.34 —0.006
_ _ _ . —(medium) grid 4 (with layers)
2 a) |—coarse grid 1 ===medium grid 2 == fine grid 3 I = b) — medium grid 2 (/o layers)
= 55 = 42
N . L-R L-R L-R i
g g 2.65
= —
S 2.5 S
o = L1
s 1 S
= =
.@ 0.5 .g -0.45
S -
2 z -2
= Z 42¢
=) = L-R L-R
oy m 2.65F
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Fig. 7. Time courses of horizontal force (F,,) and vertical force (Fy,) of the tail: for

without prismatic layers.

Therefore, grid 2 is chosen to study the effect of the near-wall layers.
However, since Y* of grids 2 and 3 is about (20-30) in Table 4, which is
relatively high, we generate another grid 4, where five layers are
included with the first cell height (Hy) of 0.15 mm from the tail surface.

ITPressure [Pa] T
-75 -25 25 75

Wing angle: a,, = 30°

—O-Tail segments in the length direction (ab =30
d) —+—Tail segments in the height direction (q= 30°)
—0-Wing segments in the wing length direction (o = 30°)
’i —*-Body segments in the longitudinal direction (v, = 30%)
E XAC,w, ZAC)b YHC ~ ZHC

0.17 s 30.06
0.035 50.03
-0.1°" L 1 L I 1 1 0

02 03 04 05 06 07 08 09 1
Non-dimensional locations, /,//re

Tail forces
=
=
=

Wing forces, XF (N)

Hur

a) mesh convergence study, and for b) a comparison of forces by grids with and

The Y of the tail with grid 4 is smaller than 10, which is (1.5-3.0) times
lower than those of grids 2 and 3 without wall layers. Therefore, grid 4 is
confirmed as the grid convergence for tail simulations. In addition,
Fig. 7b compares the forces generated over the 2nd tail-beating cycle by

I Pressure [Pa]
0 500 1000
b2)

w
a
g
2
e

QUI| 90UAIRJY

Iy : Zyc,= 0.521;
Body angle: a, = 0°

Fig. 8. Pressure distribution in the local coordinate systems on a) the wing surface (@, = 30°), and b1 and 2) the tail surface for two different divisions of segments
(a, = 30°, t/T = 0), and c) the body surface (a, = 0°). d) Resultant force distributions of the wing, body, and tail along their non-dimensional locations, [; /L.
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grids 2 and 4. Grid 2 without layers (green line) shows higher F,; but
lower F,;, compared to the counterparts of grid 4 with layers (red line).
Thus, the cycle-average results of grid 2 show a 6 % increaseinF,;, a 9 %
decrease in Fy, and about 80 % difference in the magnitude of Mcg,,
compared to those by grid 4, as shown in Table 4.

2.5. Estimation of aerodynamic center (AC), hydrodynamic center (HC),
and pitching moment

Here, the locations of the ACs of the wing and body, and the HC of the
tail are estimated as shown in Fig. 8a—c, since the pitching moment of
the body significantly depends on the distances from the ACs and HC to
the CG. Then, the derived equations for estimating the pitching moments
of the wings and tail about the CG are presented as well. To find the ACs
and HC, we performed quantitative simulations for different a,, and ay,.
For the wing (Fig. 8a), since the wing AC in the chordwise direction is
typically located at 25% of the local chord length from the local leading
edge, we have not estimated the chordwise location of the AC. Mean-
while, in the spanwise direction, the wing is divided into 25 small seg-
ments of equal length. Similarly for the body, the AC is assumed to be on
the symmetrical body axis. Therefore, 14 body segments are created
along the longitudinal direction (Fig. 8c). However, for the tail (Fig. 8bl
and 2), due to different pressure distribution in the lower and upper
parts when the inflow is passing by, the HC is not located at the central
line of tail. Thus, 10 tail segments are divided in the tail’s length and
height directions to predict the location of HC in the z and y axes, (zyc
and yyc), in Fig. 8b1 and 2, respectively. After computing the average
forces produced by segments of the wing, body, and tail, the ACs and HC
in their local coordinate systems are calculated using Eq. (8). This
equation is also used to numerically identify the CG (Murray et al.,
1967) and center of pressure, CP (Ordaz et al., 2015) of any object using
the weight and pressure distribution, respectively, and segment
centroids:

l=—=—
> F()

; (8

where [ is the distance of the force center in each length direction
measured from the reference line, n is the number of segments, F(i) is the
average force of the ith segment, and [, is the distance from the reference
line to the ith-segment centroid. Fig. 8d shows the resultant forces of the
wing and tail distributed along the local non-dimensional locations.
Note that L in Fig. 8d is I, to estimate the AC of the wing in the spanwise
direction, I; to compute the AC of the body in the longitudinal axis, [ to
locate the HC of the tail in the length direction, and h, to find the HC of
the tail in the height direction. Using Eq. (8), from the reference lines,
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the AC of the wing in the length direction is defined at 0.4 [, (Fig. 8a).
Meanwhile, the HC of the tail in the length direction (zuc) is estimated as
0.62 I, while that in the height direction (yy) is located at 0.60 h, from
the reference lines (Fig. 8b). The AC of the body is at about 0.52 [ from
the reference length (Fig. 8c), (corresponding to 0.39 I, from the nose).
Then, these four locations are also represented by the vertical solid lines
from left to right in Fig. 8d.

Fig. 9a shows the changes of the ACs, HC, and CG locations for
various wing and body angles. After analyses, it is found that when the
wing and body rotates, the ACs and HC in the local coordinate system do
not vary much. However, in the global coordinate system, as shown in
Fig. 9a, during the large rotations about the Ol and O2, they are
significantly changed. To describe the rotations, the blue and green solid
lines represent the longitudinal body and tail axes, respectively. The
white circles illustrate changes in the AC locations for the wing angle
variations, the yellow hexagrams represent the AC locations of the body,
the cyan stars stand for shifts of the CG locations, the red squares indi-
cate the rotated ends of peduncle, and the yellow diamonds represent
the HC for the various body angles.

With the information, we can derive the equation of the pitching
moment at the CG by following the method reported in Truong et al.
(2014). In the derivation, we use the left-hand rule to define the positive
pitching moment direction, as shown in Fig. 9b. In this case, the negative
pitching moment is in the nose-down direction. The pitching moments of
the wing (Mcg,y) and tail (Mcg,) about the CG can be expressed as Eq.
(9) for the wing, and Eq. (10) for the tail:

Mcgw = Mac + Fyw X (Zac = 2c6) = Fow X (Yac = Yea)s ©
Mcg = Moy — Fyi X 2c6 + Fot X yeg;, (10)

where the subscripts “w” and “t” stand for wing and tail, respectively, F,
is the vertical force, F, is the horizontal force, and (y,c, zac) and (yqg,
z¢g) are the y and z coordinates of the AC and CG, respectively. The
forces produced by the wings in Eq. (9) are the converged ones, while
those produced by the tail in Eq. (10) are the cycle-average ones. In Eq.
(9), Mpc is the pitching moment about the AC by the two wings. Based
on the pitching moment about the origin O, Mo , which is calculated by
the CFD, we compute the Muc using Eq. (11). Meanwhile, Mo, in Eq.
(10) is the pitching moment about the origin O by the tail forces, which
is computed using Eq. (12):

Ly "l
Mac = Moy, — 2 / 2edFy +2 / Yo dF,. an
0 0
I i
Mo, = — / 2oy, + / YodFsu, 12
0 0

b) Ry

@ MO,t* MO,b> MO,w

Fig. 9. a) Motion tracking during the wing and body rotations for the ACy, AC,,, CG, and HC. b) Diagram of force and pitching moment components generated by the

wing and tail.
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where (dFy,, and dF,,) and (dF,; and dF,;) are the force components
decomposed in the y and z axes at arbitrary points P and Q on the wing
and tail, respectively, as shown in Fig. 9b. Then, the Mu¢ and Mo, are
expressed as Egs. (13) and (14), respectively:

Mac = Moy — Fyw X zac + Fo X Yucs a3)

MO,t = Fy.l. X zge — Fp X Yuc» 14)

where (yye, zuc) are the coordinates of the HC. Finally, the pitching
moment by the wings (Mcg,) and that by the tail (Mcg,) about the CG
are expressed in Egs. (15) and (16), respectively:

MCG.W = MO,W - Fy,w X Zcg + Fz.,w X Yeca» (15)

Mcg, = —Fyi X (e — zuc) + Foe X (Yoo — Yue)- (16)

Similarly, for the body, the pitching moment about the CG (MCGJ,) is
calculated by Eq. (17), while the sum of the pitching moments about the
CG for the entire system (Mcg) can then be computed by Eq. (18):

Mcgp = Mop — Fyp X 2c6 + Fop X yeg) a7

Mc = Mce: + Mcop + Mcw- (18)

3. Results
3.1. Aerodynamic forces and moment from the wings

Since the body and wing rotations are implemented independently,
Fig. 10a and b shows the lift and drag, and pitching moment coefficients
of wing and body, respectively, for different angles of wing (a,) and
body (ab). Meanwhile, Fig. 10c shows the L/D for wings and body. For
more details, Table 5 presents the vertical (Fy) and horizontal (F,) forces
of the wings for four relatively low a,, values of (—10, 0, 10, and 20)°,
and those of the body for four a, values of (0, 20, 40, and 60)°. In
addition, the pitching moment about the CG by the wings (Mcg,w) is
analyzed for three ay, values of (20, 40, and 60)° with respect to four ay,
values, while that by the body (Mcc,b) is presented for four a;, values of
(0, 20, 40, and 60)°. Through the following discussions, the maximum
wing angle a,, is set to 45° (ae = 60°), since high a. is not beneficial for
efficient flight in nature, which is also supported by our previous pub-
lished study on the aerodynamic performance of the flapping wings
(Nguyen et al., 2021b). Under Re of 10%, flights with effective wing angle
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Table 5
Aerodynamic forces and pitching moment of wings and body with several a,, and
ay, values for V, = 11.0 m/s.

1) For wings (al) (a2) (a3) (a4)
a, = —10° ay =0° ay = 10° ay, = 20°
Fyw (N) 0.640 1.266 1.369 1.538
F,w (N) —0.193 —0.353 —0.382 —0.425
Mcg.w (b1) 0.016 0.023 0.023 0.025
(Nm) a, = 20°
(b2) 0.012 0.015 0.015 0.015
ap = 40°
(b3) 0.005 0.002 0.001 —0.001
a, = 60°
2) For body (c) (c2) (c3) ()]
a, = 0° a, = 20° a, = 40° a, = 60°
Fyp (N) —0.042 0.016 0.110 0.146
F.p (N) —0.001 —0.031 —0.092 —0.131
Mg, (Nm) —0.001 0.001 0.003 0.003

of attack greater than 50° make the L/D less than one. Meanwhile, the
maximum body angle a; is set to 60°, since the tail generates the smaller
horizontal thrust for larger body angles. For the wings (Fig. 10a), the
CL. is almost zero at a, = —15° (. = 0), and largest at about 20°,
which is 0.76. Meanwhile, the minimum Cp, is close to zero at —15°,
but for a, > —10°, as a, increases, the Cp rapidly rises. For L/D
(Fig. 10c), the wings have a relatively high L/D at a,, of (—10 to —5)°,
which corresponds to (8.4-5.4), respectively. After that, the ratio be-
comes smaller than 1.0 when a,, > 30°, which is poor for aerodynamic
efficiency. For the body, due to the wing attachment location placed
above the longitudinal axis and in front of the CG, the flow structures
along the upper half of the body are affected (see Fig. 8c), which changes
create the pressure difference between the lower and upper halves of the
body. It is found that the airflow speed on the lower half is faster than
that on its upper half, which interprets the negative lift production at a;,
= 0° of C., = —0.03 (Fig. 10a). Then, at a, = 40°, the body begins to
stall, where maximum C; ;, and Cp, are about 0.065. At ay, = 0°, the Cp,
is about 0.016. For a, from (25-40)°, the Cp}, is slightly smaller than
CLp, which explains why for a, from (25-40)°, the L/D is slightly larger
than 1.0, as shown in Fig. 10c. This means that the current body fairing
of the KUFish is not well-designed for high aerodynamic performance.

For the pitching moment coefficient, Fig. 10b shows the Cy, for
five body angles a;, with variations of wing angle a,,, and the Cy,, with
different . For the same o, and small a,, since the vertical and

-0 o, = 20% < o, = 40°- % - @, = 60°
=0 0, = 30°-D>- 6, = 50°—— Cpegy

5;81—

>
-
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Fig. 10. Aerodynamic characteristics of the wings and body for different wing and body angles: a) coefficients of lift (C;) and drag (Cp), and b) pitching moment
coefficients about the CG of the wings (Cy,, ) for five different a, values and of the body (Cyg,, ). Positive Cy,, denotes a nose-up pitching moment, while negative

means a nose-down pitching moment.
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horizontal forces of the wings are small, and the CG is behind the AC, the
wings generate the positive nose-up pitching moment. Then, as a,, in-
creases, the AC moves further below the CG. In this case, the nose-up
pitching moment is created by the larger F,,, and horizontal distance
from AC to CG as a,, increases (see the second term in Eq. (9)). There-
fore, this explains the increase in the Cy, for a, = (20 and 30)° in
Fig. 10b and the Mcg,, values for a, = 20° in the row (b1) of Table 5,
when a, increases. For the same a,, and rising ay, the nose-up pitching
moment of the wings gradually reduces. The Cy, curve of 40° is almost
flat, since the CG becomes closer to the AC (see the second term in Eq.
(9) and columns (al—4), Table 5). The slope becomes negative for a;, of
(50 and 60)° when the AC is in front of the CG. In this case, the vertical
force F,,, generates the nose-down pitching moment together with the
increase of negative Muc as a,, increases. Similarly, for the body, the
horizontal force F,, is almost zero, while the vertical component Fy ;, is
negative at a, = 0° (column (c1), Table 5). Additionally, since the CG is
behind the AC of the body, which is 0.39 I, from the nose, the body
produces the negative pitching moment even at a, = 0°, i.e., Mcgp =
—0.001 (Fig. 10b). However, when a, rises, the force components also
increase, which results in a production of positive nose-up pitching
moment. This explains the trends of pitching moment generation of the
wings and body by the independent rotations of the body and wings. To
support the reliability of the current aerodynamic analysis by the CFD,
we compare the computed coefficients with those of real flying in Ap-
pendix A.

3.2. Hydrodynamic forces and pitching moment from the tail

Fig. 11a and b illustrate the components of horizontal force (Fm) and
vertical force (Fy,), respectively, produced by the tail over the last two
tail-beating cycles for five different a;, values. Due to the slight asym-
metry of the tail-beating kinematics, the force generation values be-
tween two half-strokes in a cycle are not identical. However, the
tendencies in each force component of the 2nd and 3rd cycles look
similar. In addition, their cycle-average forces in Table 6 confirm that
these results are almost identical. Thus, the forces in the 3rd cycle are
considered as the converged solutions. When the body angles are
changed from (20-60)° from the horizontal line, the peaks of F,; become
lower, whereas those of F, are higher, as shown in Fig. 11. More spe-
cifically, in Table 6, after reaching a highest value at a, = 40° of 0.52 N,
as a,, increases, the cycle-average F, reduces: at 50° of about 0.50 N,
and at 60°, 0.45 N. Meanwhile, as a, rises from (30-60)°, the cycle-
average F, grows significantly from (0.35-0.95) N. Together with this
characteristics, since the CG is in front of the HC, the tail produces the
greater nose-down pitching moment (Mg, < 0) when the body has the
higher nose-up angles (Table 6).

3.3. Effect of head wind speed on the pitching moment

In this subsection, the effect of the head wind speed on the pitching
moment about the CG is analyzed. The contour plots in Fig. 12a, b, and c
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show changes in the total pitching moment (Mcg), which is the sum of
the pitching moments by the tail (Mcg,) and by the wings (Mcg,w),
under the effective inflow air speed of (11.0, 8.0, and 6.0) m/s,
respectively. The effective inflow air speed is the sum of the head wind
speed and the water leaping speed of the robot, which is 1.5 m/s. The
total pitching moment in each case of a pair (@, and a,,) is analyzed using
the cubic interpolation method produced by MATLAB. The magenta
curved lines between the two vertical lines in Fig. 12a, which are used to
determine the minimum and maximum ay,, represent the gliding flight
condition (XF, > W) and (ZF, > 0) with M¢g = 0. The minimum a,
means the required wing angle to produce the minimum vertical force
for take-off (XF, = W), while the maximum a,, indicates the maximum
wing angle for gliding without thrust generation (XF, =0) and
(XFy > W). The areas in red colours stand for the nose-up pitching
moment (Mcg > 0), while those in blue colours indicate the nose-down
pitching moment (Mg < 0). To clearly specify the possible gliding flight
along the curved lines of M¢g = 0 in Fig. 12a-c, we search for the
minimum «,, and «;, that make the total vertical force (ZFy) greater than
the total weight, and total horizontal force (XF,) positive at the same
time. Along the curved lines of M¢g = O, the squares indicate the min-
imum wing angles, the triangles show the maximum body angles, while
the circles represent the maximum wing angles. Therefore, the magenta
curved line between the two symbols of square and circle satisfies the
conditions of gliding flight in terms of the vertical and horizontal forces
and zero pitching moment. In general, when the effective inflow air
speed reduces from (11.0-6.0) m/s, as shown in Tables 5 and 7, the
vertical force generated by the wings (Fy,) consequently becomes
smaller, creating the smaller nose-up pitching moment Mcg . Mean-
while, the nose-down pitching moment by the tail Mg, is not affected
by the head wind. This explains that when the head wind speed reduces,
the positive nose-up pitching moment M¢g becomes smaller for the same
condition of ay and a,, especially for a, < 40° in the two tables. As a
result, the blue contour area (Mcg < 0) moves from top to bottom
(lower ay), as the head wind speed reduces, as shown in Fig. 12a, b, and
c.

The minimum wing and body angles required for gliding flight in
each case are now discussed. For the effective inflow air speed V, =11.0
m/s in Fig. 12a, the range of a,, is limited from (—15 to 45)° for the
curved line of Mcg = 0. When a,, increases from —15°, a;, should in-
crease as well to make Mqg always zero. Specifically, the total vertical
force ZF, required to lift the body is satisfied when a, = —12.1° and a,
= 48.5°, which corresponds to the minimum wing angle condition
(denoted by the white square in Fig. 12a) of ZF, = 1.21 N, 2F, > 0.
Similarly, for V, = 8.0 m/s, the minimum conditions that match the
requirement of XF, = 1.20 N and 2F, > 0, happen at a,, = —6.3° and
= 43°. However, for V, = 6.0 m/s, the vertical force by the wings and
body significantly drops compared to those of the two previous cases
(comparing Fy,, and F,;, for each case of V, in Tables 5 and 7). In this
case, within the investigated range of a,, and ay, the robot produces the
maximum XF, of about 0.94 N, which is 22% smaller than the current
total weight of 1.20 N. In addition, the magnitudes of horizontal forces

30° =60°

o 0 o 0
ab740 o 50 o,

2.
1 1.25

1.5 175 2 225 25 275 3

Fig. 11. Time courses of the a) horizontal force (FM), and b) vertical force (Fy,[), for different body angles (ay) over the last two tail-beating cycles. L—R stands for

the left-to-right beating motion.
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Table 6
The cycle-average forces and pitching moment of the tail with different body angles from (30-60)°.
t/T @ a, = 30° (b) ap = 40° (c) ap = 50° (d) a, = 60°
Fyy ) F,, (N) Mcg, (Nm) Fyy ) F,, (N) Mcg, (Nm) Fyy ) F,, (N) Mcg, (Nm) Fyy ) F,, (N) Mcg, (Nm)
1st 0.26 0.40 —0.003 0.38 0.36 —0.007 0.67 0.47 —0.008 0.85 0.40 —0.009
2nd 0.34 0.48 —0.006 0.53 0.52 —0.008 0.72 0.50 —0.009 0.94 0.45 —0.009
3rd 0.35 0.49 —0.007 0.54 0.52 —0.009 0.73 0.50 —0.010 0.95 0.45 —0.010
_ -0.02 -001 O 0.01 0.02
R a)V,=11.0 m/s “Nm)
5 Min a,,
& D{ZFy=1.21N(=W)
) 2F,=0.26 N (> 0)
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Fig. 12. Contour plots of M¢g with variations of the wing and body angles for the effective inflow air speed, V, of a) 11.0 m/s, b) 8.0 m/s, and ¢) 6.0 m/s. The

magenta contour lines indicate Mcg = 0.

generated by wings and body witness a considerable drop even at high
a,, (comparing F,,, and F,;, in Tables 5 and 7), resulting in an increase in
the 2F,, since the tail thrust generation is unchanged. More specifically,
at a, = 45°, the robot produces 28% greater XF, than that for V, = 8.0
m/s (comparing (0.32 and 0.25) N in Fig. 12b and c, respectively), and
may result in a faster gliding speed than for V, = 11.0 m/s. Overall, to
perform gliding flight when V, = 6.0 m/s, the a,, and a;, should increase
to greater than (45 and 31.5)°, respectively, since the current maximum
ZF, is insufficient to compensate for the total weight of 1.20 N.

In terms of aerodynamic efficiency of the wings, for V, of (11.0 and
8.0) m/s, the L/D are (5.3 and 6.2) at a, = (—12.1 and —6.3)°,
respectively, from Fig. 10c. Meanwhile, for V, = 6.0 m/s, to perform
gliding flight, the a,, should increase to be greater than 45°. That means
that the L/D is smaller than 0.57, which is about (89 and 91) % smaller
than those for V, of (11.0 and 8.0) m/s, respectively. Consequently, the
effective inflow air speed of 6.0 m/s is not considered as a sufficient
condition for gliding, since increasing the higher wing angle is not
beneficial for the L/D. This also agrees with the findings reported in
Latimer-Needham (1951), Hertel (1966), and Davenport (1994): for the

11

best gliding performance, the bodies of flying fish in nature are observed
almost parallel to the sea surface. Hence, under the condition of a,, =
—6.3°, ap, = 43°, and V, = 8.0 m/s, the KUFish weighing about 1.20 N
can effectively glide with zero pitching moment and relatively high L/D
of about 6.2. Moreover, the gliding speed will be faster, since the XF, is
about 19% greater than that for V, = 11.0 m/s (comparing (0.31 and
0.26) N, in Fig. 12b and a, respectively).

4. Discussion

In the current work, the target weight (W) of the KUFish is 1.20 N.
Then, the question arises: if the W is greater than 1.20 N, how heavy can
the robot be and still glide? The robot can be heavier, since we expect to
install a control system and possibly stiffer or heavier wings to the robot.
Still, a heavier KUFish can perform gliding flight supported by a tail-
beating motion. For this case, the XF, generated by the wings and tail
needs to be enhanced, while the XF, still remains positive. To answer
this question, we selected several cases to discuss, as denoted by the
triangle and circle in Fig. 12a and b. For example, in the data set of 11.0
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Table 7
Aerodynamic forces and pitching moments of wings and body with several a,,
and ap for V, = (8.0 and 6.0) m/s.

(A)V, =8.0m/s (al) (a2) (a3) (a4)
a, = —10° ay = 0° ay = 10° ay = 20°
For wings
Fyw (N) 0.339 0.670 0.724 0.813
Fw (N) —0.102 —-0.187 —0.202 —0.225
Mcg.w (b1) 0.008 0.012 0.012 0.013
(Nm) a, = 20°
(b2) 0.006 0.008 0.008 0.008
a, = 40°
(b3) 0.003 0.001 0.000 0.000
a, = 60°
For body (c1) (c2) (c3) (c4)
a, = 0° a, = 20° a, = 40° a, = 60°
Fyp (N) —0.022 0.008 0.058 0.077
F,p» (N) —0.001 —0.016 —0.049 —0.069
Mg, (Nm) —0.001 0.001 0.002 0.001
(B) Vo = 6.0 m/s (al) (a2) (a3) (ad)
ay, = —10° ay = 0° ay = 10° ay, = 20°
For wings
Fyw (N) 0.190 0.377 0.407 0.458
Fow (N) —0.057 —-0.105 -0.114 -0.126
Mcg.w (b1) 0.005 0.007 0.007 0.008
(Nm) a, = 20°
(b2) 0.004 0.004 0.004 0.005
a, = 40°
(b3) 0.002 0.000 0.000 0.000
ap = 60°
For body (c1) (c2) (c3) (c4)
a, = 0° a, = 20° a, = 40° a, = 60°
Fyp (N) —0.012 0.005 0.033 0.043
F,, (N) 0.000 —0.009 —0.027 —0.039
Mg, (Nm) 0.000 0.000 0.001 0.001

m/s (Fig. 12a), along the curve of M¢g = 0, if a,, increases to —5° and a;,
rises to 56.5°, which is denoted by the circle, a 82% heavier robot (W ~
2.18 N) can take off. Clearly, the higher a,, and a, create the greater
vertical force, resulting in the total vertical force XF, of 2.18 N. How-
ever, the high a,, also produces greater negative F,,, (see Tables 5 and
7), while the high a;, (> 40°) generates smaller positive F,; (Table 6) and
greater negative F,}, (Tables 5 and 7), which explains why the XF, = 0 N.
This means that the robot cannot move forward since the XF, is almost
zero, which corresponds to the maximum condition to overcome the
drag from wings and body. Similarly, for V, = 8.0 m/s, the robot with a
weight of 1.55 N (29% heavier) can glide, when the values of a,, = 45°
and a, = 40° are chosen to satisfy Mcg = 0, which is represented by the
circle in Fig. 12b. This combination produces XF, = 1.55 N and 3F, =
0.25 N, which is 19% smaller than XF, = 0.31 N in the case of W = 1.20
N. Overall, for the two cases of (11.0 and 8.0) m/s, the KUFish with the
heavier weight of about (2.2 and 1.6) N, respectively, can take off, and
glide through the air by modifying a,, and a,. However, the gliding flight
with large a,, and a; can create high XF, but small XF,, which reduces
the forward speed. Here, the L/D should be considered again. Since the
maximum wing angle a,, is —5° when V, = 11.0 m/s (Fig. 12a), the L/D
is slightly larger, at about 5.4. Meanwhile, for V, = 8.0 m/s, the a,, is 45°
(Fig. 12b), corresponding to the L/D of about 0.57, which is 89% smaller
than that for V, = 11.0 m/s. Clearly, the higher the angle at which the
wings fly, the more L/D reduces (Fig. 10c). Thus, if the KUFish has a
heavier weight of 2.18 N, under the condition of a, = —5°, @, = 56.5°,
and V, = 11.0 m/s, the robot can glide with a L/D of about 5.4.

The exact body angle of real flying fish during the gliding supported
by tail-beating motion (or water surface taxiing) is not reported in the
literature. Some reported that the maximum lift coefficient happens at
the body angles of about (30-35)° (Park and Choi, 2010; Deng et al.,
2019a). However, this body angle might be for the real flying fish,
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weighing about (0.50-0.60) N, when they completely exit the water
surface with the observed exit speed of about 10 m/s or higher. We may
roughly guess the body angle from the video on flying fish broadcasted
through the video by BBC Earth (2017). The body angles seem to be
more or less than 45° with respect to the horizontal line. As discussed
above, the body angles need to increase to have the additional vertical
force from tail-beating motion, and lift up the heavier body weight of
1.20 N. Therefore, the feasible body angle ranges that we found in
Fig. 12 are close to those observed in the video.

The suggested wing shape here is not a fixed design. Once the con-
straints of wing loading, wing aspect ratio, and wing area are within the
desired ranges, the final wing shape can be modified for more efficient
flight. We may eventually vary the wing shape such that it is suitable for
a wing folding and unfolding mechanism for future fabrication. Then,
we may be able to find other conditions for a new wing design. More-
over, since the maximum wing and body angles considered in this work
are limited at 45° and 60°, respectively, the current design margin is not
that wide in the case of low head wind speed. If we have to trade-off the
forward speed to achieve larger vertical force to compensate for a
heavier weight in the low head wind speed, the a,, needs to be greater
than 45° and the @, should be greater than that in the considered
maximum condition. As discussed before, the tail beating with higher a;,
and the wings flying with greater a,, can produce greater vertical force.
In this case, the tail creates a smaller positive force in the horizontal
direction, while the wings and body produce the greater negative ones.
To overcome this situation, we may improve the tail-beating thrust.
With these strategies, we can widen the design margin for the possible
gliding flights of the KUFish, even under low head wind speeds.

5. Conclusion

Inspired by the amazing tail-beating supported gliding flight of flying
fish, we have suggested a robotic fish design that can perform gliding
flight even when the water-leaping speed is lower than the required
speed for complete water leaping and gliding, as observed in real flying
fish. To create the design, we have performed a series of numerical
simulations and identified the conditions for producing sufficient lift by
wings to efficiently compensate for the total weight, thrust by tail-
beating motion to overcome drag and provide additional vertical
force, and to satisfy zero-pitching moment. We have also found that the
design margins of the wing and body angles are large enough to
accommodate up to 82% weight increase for the effective inflow air
speed of 11.0 m/s, and up to 29% weight increase for the inflow air
speed of 8.0 m/s. Thus, even when the KUFish becomes heavier, it is able
to glide with a different set of wing and body angles for these two cases.
Meanwhile, for the air flow speed of 6.0 m/s, the current KUFish cannot
take off within the investigated range of the wing and body angles. Still,
when the wing and body angles increase, the robot may have a chance to
lift off. However, for high gliding efficiency, the lower wing angles are
recommended for all inflow air speeds. The current work can also be
used to explain how the flying fish can perform gliding supported by the
tail-beating motion against head winds. On the other hand, many hur-
dles are expected in the actual fabrication of a controllable gliding ro-
botic fish equipped with foldable wings. Also, the robot may experience
dynamic motion due to the underwater tail-beating motion. Therefore,
we need to extend the current feasibility study based on static analysis to
dynamic analysis including wing flexibility. We leave these tasks for our
future work.
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Appendix A. Validation of simulation results.
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Fig. A1. Comparison of a) lift (C,.) and drag (Cp) coefficients, and b) pitching moment coefficient (Cy, ), for the L2 model and for the KUFish (KUF) with various a,.
The Cy, plot of the KUFish is shown for different CG locations. The results from the L2 model are extracted from Figs. 5 and 6 in Park and Choi (2010).

For validation of the aerodynamic results by the current CFD simulation, the computed coefficients of lift, drag, and pitching moment (C;,, Cp, and
Cwmg,, respectively) of the KUFish are compared with those of the real flying fish, called the L2 model, which are measured in the wind tunnel under the
inflow airspeed of 12.0 m/s (Park and Choi, 2010). Since the pectoral fins of the L2 model are fixed with an incidence angle of 15° from the lon-
gitudinal body axis, just as in our KUFish, we select the L2 model for comparison. Note that the aerodynamic coefficients of the L2 model are measured
for the entire model including the body and pectoral and pelvic fins, while for the KUFish, only the wings and body are included in the calculation.
Fig. Al-a compares the current computed and their measured coefficients for various body angles ;. Generally, the current C; and Cp show similar
tendencies to those of the real flying fish. The small difference may be due to the difference in the wing shape. Meanwhile, the difference in Cy;,, may
be due to the difference in the CG and wing attachment locations.

For more details, the two C curves in Fig. A1-a do not show a sharp drop even after stall, which is similar to the characteristics of thin airfoils with
sharp leading edges at low Re flow, found by McCullough and Gault (1951). In Table Al-a, the maximum Cy, is 0.77 at a, from (20-30)° for the KUFish,
and the same maximum Ci, for the L2 model is at 30°, when rounded to two decimal places. In Table A1-b, the Cp at a, = —15° is 0.07 for the KUFish,
while that of the L2 is 0.09. The two slopes of Cp curves look similar for @, > 7°, as shown in Fig. Al-a, which explains the similar slope of L/D for a;, >
7°, after reaching the highest values of L/D at —5° for both models. For Cy;, the CG location of L2 model is at about 0.43 I, from the nose, while that of
the KUFish is further, at 0.46 I, from the body head. Therefore, this longer distance from the wing AC to CG may generate the greater nose-up moments
for KUFish (represented by the cyan solid line with pentagrams) than those for the L2 model (represented by red solid line), as shown in Fig. Al-a.
Based on this, the pitching moment coefficients of the KUFish are analyzed for different CG locations. As shown in Table Al-c, the Cy, witnesses a
gradual reduction in positive magnitude and becomes negative when the CGs are moved closer to the nose from (0.46-0.37) I, for the same ay. Also,
this reveals that when the CG is located at 0.37 [, from the nose and a;, increases to be greater than 20°, the KUFish produces the negative nose-down
pitching moment (Table A1 and Fig. A1-b). Meanwhile, the L2 model creates the pitch-down moment when a, > 13° (Fig. A1-b). Thus, although there
are geometric differences in the two models, the current aerodynamic coefficients computed by the CFD show similar tendencies to those of the flying
fish measured by the experiment.

Table A1
Comparison of C, Cp, and Cy, coefficients for the L2 and KUFish models for different body angles.
a —-15° —-10° 0° 10° 20° 30° 40° 45°
a) Cp L2 model —0.02 0.27 0.56 0.65 0.71 0.77 0.73 0.72
KUFish —0.03 0.34 0.71 0.74 0.77 0.77 0.70 0.64
b) Cp L2 model 0.09 0.08 0.17 0.28 0.44 0.63 0.85 0.93
KUFish 0.07 0.09 0.22 0.37 0.55 0.76 0.97 1.08
©) Cwige a —-15° —-10° 0° 10° 20° 30° 40° 45°
L2 model CG at 0.43 [, 0.006 0.033 0.028 0.007 —0.038 —0.082 —0.131 —0.153
KUFish CGat 0.37 I, 0.013 0.066 0.049 0.038 0.001 —0.055 —0.147 —0.200
CG at 0.40 I, 0.012 0.100 0.125 0.124 0.097 0.050 —0.039 —0.093
CG at 0.43 [, 0.011 0.134 0.200 0.209 0.194 0.155 0.068 0.014
CG at 0.46 I, 0.009 0.169 0.276 0.294 0.291 0.260 0.176 0.121

As a way to validate the CFD results of the tail, we may recall the estimated thrust based on the measured tail-beating kinematics with the original
peduncle length of 18 mm under the zero-inflow-speed conditions in Section 2.2. The estimated thrust is about 10% smaller than the measured thrust.
In addition, as the peduncle length increases by a small amount, we could observe during our experiments that the thrust production tends to increase.
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Unfortunately, it is difficult to measure the net thrust under non-zero inflow condition. As a reason, the CFD results of the tail can be validated only by

the case with zero inflow speed.
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