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Abstract—Penguins have evolved excellent swimming skills as diving birds, benefiting from their agile wings. This paper experimentally 10 
analyses the effect of the wing sweepback angle on thrust generation using a robotic penguin wing. A developed wing mechanism that 11 
can realize penguin-like flapping and feathering motion was employed for actuating five alternative wing models with different 12 
sweepback angles from 0° to 50°. Force measurements under a steady water flow were conducted for both fixed and flapping states for 13 
all wing models. The results showed that small sweepback angles of 30° or less in the fixed state led to a steep lift curve and that a 14 
moderate sweepback angle of 30° produced the largest lift-to-drag ratio. In the flapping state, the smaller-sweepback wings generated a 15 
larger net thrust for the same wing motion, whereas the larger-sweepback wings produced more thrust given the same Strouhal number. 16 
It was also found that larger-sweepback wings more easily achieved the maximum net thrust in terms of less angle-of-attack control. On 17 
the other hand, the hydrodynamic efficiency was not greatly affected by the sweepback. Regardless of the sweepback, the trend of the 18 
efficiency increasing with increasing flow speed indicated that the penguin wings can be more suitable in high-speed locomotion for 19 
higher hydrodynamic efficiency. 20 
 21 
Keywords: sweepback angle, penguin wing, robotic penguin, thrust generation, aquatic locomotion 22 
 23 

1. Introduction 24 

Biomimetic swimming robots have been verified to deliver high energy efficiency as well as favourable dynamic 25 
characteristics and noiseless motion [1]–[4]. In recent decades, researchers have been dedicated to improving the 26 
performance of biomimetic underwater robots from various aspects [5]–[13]. To explore how the fish fin shape affects 27 
thrust performance, Kikuchi et al. classified the morphological shape of fish fins into polygonal shapes and compared the 28 
shapes through experiments [6]. Feilich and Lauder revealed that the fin shape interacts with the flexural stiffness in 29 
complicated ways to produce swimming performance [7]. Given that the stiffness varies in real fish bodies, Lucas et al. 30 
identified the role of nonuniform bending stiffness during fish propulsion [8], and Zhong et al. developed a tuna-like robot 31 
with a tail of tunable stiffness to enable fast and efficient swimming [9]. While earlier studies mainly focused on imitating 32 
the morphology and kinetics of fish, other aquatic animals possessing efficient swimming skills have drawn people’s 33 
attention recently, such as sea lions [14], water beetles [15] and even humans [16]. 34 

In our research, we focus on the thrust generation of a penguin-mimetic flapping-wing mechanism. Penguins are diving 35 
birds that inhabit the Southern Hemisphere. During evolution, they lost their ability to fly in the air and adapted to 36 
underwater swimming and foraging in the ocean. Recent video logging of wild gentoo penguins (Pygoscelis papua) 37 
revealed that the penguins perform precise hit-and-run attacks on small prey or actively pursue large prey owing to their 38 
mobility [17]. A satellite tracking study of the Fiordland penguin (Eudyptes pachyrhynchus) reported that the maximum 39 
daily travel distance can be more than 200 km [18]. These excellent swimming performances have motivated us to explore 40 
the relation between wing motion and the generated propelling forces. In our previous work, the 3-D wing motion of a real 41 
penguin during swimming was measured in an aquarium [19], and a robotic penguin wing was developed to mimic the 42 
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motion [20]. Based on the measurement, we defined the wing motion and decomposed it into three degrees of freedom: 43 
flapping, feathering and pitch of the flapping axis. Specifically, flapping is the main oscillating motion, which generates 44 
major propelling thrusts; feathering is the rotational motion of the wing along the spanwise direction, which adjusts the 45 
angle of attack (AoA) and boosts the thrust; and pitch is characterized by the direction of the flapping plane, thus affecting 46 
the direction of the thrust. In contrast to other swimming animals that use an oscillating mechanism for propulsion, we 47 
notice that they seldom can realize such agile motions at the same time with only one propulsor (wing/fin/tail). For example, 48 
cetacean flukes are largely responsible for the generation of thrust, while the other control surfaces are the pectoral flippers, 49 
dorsal fin, and caudal peduncle [21]. A developed dolphin robot also generated the main thrust with the fluke and used the 50 
pectoral fins for balance control [22]. The ability of the robotic penguin wing to effectively control the thrust magnitude 51 
by active feathering and the thrust direction by variation in pitch has been verified. 52 

However, the wing model that we fabricated for the previous study was a no-sweepback wing, which means that the 53 
leading edge of the wing is set to be vertical to the longitudinal axis of the body. During our observations on the swimming 54 
of real penguins, it was found that the wings swept backwards by a range from 24.6° to 46.7° relative to the forward 55 
direction [19]. This variation in the sweepback angle possibly affects the thrust and efficiency of the flapping-wing 56 
propulsion. In fact, our CFD (computational fluid dynamics) simulations of fixed wings with a realistic penguin wing 57 
model showed that the lift and drag coefficients of the wings change with the sweepback and that drag can be reduced by 58 
sweepback for a constant lift [23]. Therefore, it is important to investigate the effect of the sweepback on thrust generation 59 
by flapping for both the development of penguin-mimetic robots and the understanding of the biomechanics of penguin 60 
swimming. 61 

The geometric feature of sweepback has also been observed in the fins of fish [24], [25], flippers of aquatic animals 62 
[26], and wings of flying birds or insects [27], [28]. Recently, Zurman-Nasution et al. conducted CFD simulations of 63 
penguin-like flapping wings with a simplified wing model, reporting that the sweepback slightly decreases thrust and 64 
efficiency [29]. In this paper, we experimentally investigated the effect of sweepback on thrust generation by flapping with 65 
a realistic penguin wing model. Five wing models with different sweepback angles were employed for comparison. First, 66 
the lift and drag coefficients of all the wings that were fixed in steady flow were measured in a water tunnel to obtain the 67 
static wing characteristics. Then, the propelling thrust and the hydrodynamic efficiency during flapping motions were 68 
measured and analysed for flapping in steady flow. 69 

The remainder of this paper is organized as follows. The design of the robotic wing mechanism, method of quasisteady 70 
hydrodynamic calculations, and experimental procedure for fixed- and flapping-wing cases are introduced in Section 2. 71 
Section 3 presents the measured and calculated results. Finally, conclusions are stated in Section 4. 72 

2. Materials and methods 73 

2.1. Wing mechanism 74 

To achieve wing motions similar to those realized in real penguins, a 3-DoF robotic penguin wing has been developed 75 
[20]. In this paper, only the flapping and feathering motions are involved to vary the thrust magnitude, while the flapping 76 
axis is parallel to the flow of a water tunnel. Fig. 1(a) schematically shows the flapping and feathering motions realized by 77 
the penguin wing. The flapping axis is parallel to the longitudinal direction of the body. The feathering axis is parallel to 78 
the spanwise direction and perpendicular to the flapping axis. By actively controlling feathering, the AoA between the 79 
wing and the relative flow velocity can be adjusted. Fig. 1(b) and (c) illustrate how the two motions are achieved by utilizing 80 
a differential gear system. The mechanism contains three identical bevel gears. Opposing bevel gears 1 and 2 are actively 81 
controlled by two servo motors (KRS-4032HV, KONDO, Japan) through timing belts. Bevel gear 3 thus can be actuated 82 
to rotate around the XW-axis and the ZW-axis. A 3-D printed wing is connected to bevel gear 3 so that the wing can realize 83 
flapping motion (around the XW-axis) and feathering motion (around the ZW-axis). The rotational axes and the coordinate 84 
systems are depicted in the figure, where body frame B is fixed at the base part and the +XB-axis indicates the forwards 85 
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swimming direction (opposite to the flow direction of the water tunnel). The wing frame W is fixed to the wing, the XW-86 
axis indicates the chordwise direction, and the ZW-axis indicates the spanwise direction, which is vertical to the robot body 87 
or the penguin body. To feedback the angular positions of both the flapping and feathering motions in real time, two 88 
potentiometers (P13SM, Vishay Intertechnology, USA) are installed as well. 89 

 90 

 91 
Fig. 1. (a) Flapping and feathering motion realized by the penguin wing; (b) 3-D model of the wing mechanism; (c) 92 
schematic drawing of the wing mechanism. The flapping and feathering angles are zero in schematics (b) and (c). 93 
 94 

As shown in Fig. 2, six wing models with different sweepback angles are printed with a 3-D printer (Ultimaker S5, 95 
Ultimaker B.V., Netherlands) using a polylactic acid filament (Tough PLA, Ultimaker B.V., Netherlands). Note that the 96 
printed wings are rigid, although the real wings bend during flapping [17]. This makes it possible to focus on the 97 
relationship between the wing sweepback, wing kinematics, and resultant thrust by isolating the complexity of the wing 98 
deformation. The cross-sectional profiles of the wing are obtained by scanning a real penguin wing and adjusting it to 99 
obtain symmetric profiles along the thickness direction [20]. The details of the obtained profiles can be found in our 100 
previous paper [19]. According to our kinematic research on penguin swimming, the wing has an average sweepback angle 101 
of approximately 35° relative to the feathering axis +ZW [19]. Hence, the sweepback angles studied in this paper are set 102 
from 0° to 50° at an interval of 10°, as depicted in Fig. 2. They are switched manually to connect with the wing mechanism 103 
as needed. Considering the following experimental design, 0.4-scale wing models are fabricated. The geometric parameters 104 
of the wing models are listed in Table 1. In addition, all the wings have the same projected wing area (S) of 2256 mm2, the 105 
same wing length (l) of 101 mm, and the same maximum wing thickness of 6 mm. The aspect ratio (AR) is defined by AR 106 

= l’2/S, where l’ is the spanwise length of the wing. Wing profiles at spanwise positions of 25%, 50%, and 75% from the 107 

base are illustrated and summarized in Fig. 2 on the right side and Table 1, respectively. The geometric mean chord (cg) of 108 
the wing is calculated through cg=S/l’. A larger sweepback angle tends to increase the chords at all positions but does not 109 
affect the maximum thickness too much (within 0.25 mm variation). All the wing models weigh 8.7 grams. 110 
 111 
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 112 
Fig. 2. 3-D printed sweepback wing models (sweepback angle from 0° to 50°) with the same wing length (l) but different 113 
spanwise widths (l0) and aspect ratios (AR). Only models of 0° and 50° are marked with lengths for clarity. Wing profiles 114 
at spanwise positions of 25%, 50% and 75% from the base are depicted on the right side, which show the relative positions 115 
along two axes as well. 116 
 117 
Table 1. GEOMETRIES OF THE SWEEPBACK WINGS 118 
 119 

Sweepback 
angle (°) 

Spanwise 
width l’ 
(mm) 

Aspect 
ratio 

Chord at 
25% 
(mm) 

Chord at 
50% 
(mm) 

Chord at 
75% 
(mm) 

Mean 
chord 
(mm) 

Max. 
thickness 
at 25% 
(mm) 

Max. 
thickness 
at 50% 
(mm) 

Max. 
thickness 
at 75% 
(mm) 

0 101 4.5 28.59 26.65 21.43 22.3 6.00 4.67 3.23 
10 99 4.3 28.69 26.00  21.45 22.8 6.00 4.71 3.29 
20 95 4.0 29.74 26.19 22.10 23.7 5.97 4.75 3.30 
30 87 3.4 30.79 27.30 23.51 25.9 5.93 4.79 3.35 
40 77 2.6 32.09 29.49 25.96 29.3 5.89 4.83 3.40 
50 65 1.9 34.16 33.14 30.09 34.7 5.85 4.86 3.47 

 120 

2.2. Hydrodynamic forces of the wing 121 

In this paper, we assume that the penguin swims straight forward, as in the directions of the +XB and +XW axes. Thus, 122 

the relation between the flow velocity U and the wing at the initial position can be depicted as shown in Fig. 3(a). We use 123 
the chords located at 75% of the spanwise (+ZW-axis) length from the wing base for the following hydrodynamic analysis. 124 
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The wing profile and the cross section at the chord are shown in Fig. 3(b). Considering a moment with the flapping velocity 125 
of vflap, the relative inflow velocity between the flow and the flapping wing can thus be obtained through: 126 

= −in flapv U v   (1). 127 

The angle between the inflow velocity vin and the chord line is then defined as the AoA, represented by α. The AoA is 128 
affected by the feathering angle θfeather. The existence of feathering reduces the AoA, and a larger feathering angle results 129 
in a smaller AoA. Specifically, the AoA can be derived through kinematics as follows: 130 

sgn( )( / 2 arctan ), for 0
=

0, for 0

θ π θ
α


− − ≠


 =

feather feather flap
flap

flap

U
v

v

v
(2). 131 

Thus, the AoA depends on the flapping velocity vflap, the feathering angle θfeather, and the flow velocity U. 132 
The lift and drag generated by the wing on the wing cross-section plane (XWYW plane) can be expressed as: 133 

20.5 ( )LL C Sα ρ= inv   (3), 134 

20.5 ( )DD C Sα ρ= inv   (4), 135 

where L indicates the lift perpendicular to vin and D indicates the drag parallel to vin (Fig. 3(b)). CL(α) and CD (α) are the 136 

lift and drag coefficients, respectively, which are functions of the AoA; ρ represents the density of the fluid, and S is the 137 
area of the wing. FW is a resultant force vector of L and D. Thrust Fx was defined as the forward component of FW. 138 

In our experiment, the wing mechanism was mounted on a 6-axis force sensor. Therefore, the XB, YB, and ZB components 139 
of a total force vector FB acting on the wing mechanism were measured by the sensor. Then, FW was calculated as a 140 
projection of FB on the XWYW plane, followed by calculation of L and D from FW. Fx is the same as the XB components of 141 
FB. The details of the measurement setup are explained in subsection 2.4. 142 
 143 

 144 
Fig. 3. (a) Representative wing chord located at 75% of the spanwise length, l’, from the wing base. (b) Hydrodynamic 145 
forces applied on the wing profile. 146 
 147 

2.3. Hydrodynamic efficiency 148 

The hydrodynamic efficiency is employed for evaluating the propulsion efficiency in the same manner as in our 149 
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previous work [19], rather than the electrical efficiency, which involves mechanical consumption and specific actuators 150 
[15], [30]. The hydrodynamic efficiency is defined as: 151 

0
hydrodynamic

0

( )

( ) ( )

T

xthrust
T

hydrodynamic B

F t dtP
P t t dt

η = =
⋅


 in

U

F v
  (5) 152 

where 𝑃ത௧௛௥௨௦௧  is the cycle-averaged propulsive power in the flow direction, 𝑃ത௛௬ௗ௥௢ௗ௬௡௔௠௜௖  is the cycle-averaged 153 
hydrodynamic power and the inflow velocity is calculated through Equation (1). 154 

2.4. Experimental methods 155 

The experimental apparatus is designed for fixed-wing and flapping-wing tests of different wing models, as explained 156 
below. 157 

a) Experimental apparatus: A force measurement setup is built as shown in Fig. 4. The fabricated wing mechanism is 158 
fixed to a 6-axis force/torque sensor (SFS080F500M5, Leptrino, Japan) suspended over a water tunnel through a steel 159 
support. The water tunnel (PT-100-Modified, West Japan Fluid Engineering Laboratory, Japan) is 1 m long, 0.3 m broad, 160 
and 0.2 m deep and offers tuneable flow speeds with a maximum value of 2 m/s. It is experimentally verified that the 161 
distances from the wing to the side and bottom walls are not sufficient to affect the results of the force measurement. The 162 
inertial frame is depicted at the bottom right of Fig. 4. The inflow velocity of the water tunnel points along the -X0-axis, 163 

and the assumed forward swimming direction is along the +X0-axis based on the setup of the wing mechanism. Note that 164 

there is a rotation stage connected between the force sensor and the steel support, which is used to adjust the initial direction 165 

of the wing relative to the flow direction. When the rotation stage is at its initial position, the +X0-axis and +Z0-axis align 166 

with the +XB-axis and +ZB-axis of the body frame, respectively. 167 

 168 

 169 

Fig. 4. Force measurement setup. 170 
 171 

The electronic system mainly includes a master control PC, a microcontroller unit (MCU) and a data acquisition (DAQ) 172 
device. The PC working at a 64-bit Windows operation system provides high-level commands such as flapping and 173 
feathering angles, which are then converted into joint inputs through kinematic or inverse kinematic analysis. The joint 174 
inputs are then sent to the MCU (Nucleo-144, STMicroelectronics, Switzerland) to actuate the wing mechanism through a 175 
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PID controller. To record the force from the force sensor and the angular positions of the two motions from the 176 
potentiometers, a DAQ device (NI USB-6343, National Instruments, USA) working at a sampling frequency of 1000 Hz 177 
is used. In addition, the motors in the wing mechanism are powered by a 12 V constant voltage source. 178 

b) Fixed-wing test design: The lift and drag coefficients of the wings are measured when they are statically fixed in 179 
water flow of constant speeds. As explained in the previous section, CL and CD are functions of AoA, which can vary with 180 
the Reynolds number (Re). The Reynolds number is defined by Re = |𝒗𝒊𝒏|𝑐௚/𝜈, where vin represents the inflow velocity, 181 
cg is the geometric mean chord of the wing and ν is the kinematic viscosity of the fluid. To vary the Re number of a certain 182 
wing model, we control the inflow velocity and kinematic viscosity by adjusting the flow velocity U and water temperature 183 
T in the water tunnel, respectively. As listed in Table 2, we set two conditions of the water flow to obtain a comparatively 184 
low (condition 1) and a comparatively high (condition 2) Reynolds number for each sweepback wing. For water 185 
temperatures of 25°C, the density is 997.075 kg/m3, and the kinematic viscosity is 0.8928 mm2/s; for a water temperature 186 
of 40°C, the density is 992.247 kg/m3, and the kinematic viscosity is 0.6578 mm2/s [31]. In the two test conditions, the Re 187 
number for condition 1 is close to that of a penguin in an aquarium when swimming at less than 0.5 m/s (between 15000 188 
and 30000); the Re number for condition 2 is close to that of a penguin in an aquarium when swimming between 0.5 m/s 189 
and 1 m/s (between 70000 and 96000) [20]. The method of calculating CL and CD is based on Equations (3) and (4). The 190 
rotation stage is used to vary the AoA of the wing. All the measurements are repeated three times, and time-averaged data 191 
of five seconds in each trial are used for calculating the CL and CD. 192 
 193 
Table 2. REYNOLDS NUMBERS IN FIXED-WING TESTS 194 
 195 

Sweepback angle (°) 
Reynolds number 

Condition 1 
T: 25℃, U: 1.2 m/s 

Condition 2 
T: 40℃, U: 2 m/s 

0 29977 67785 
10 30649 69305 
20 31859 72040 
30 34817 78728 
40 39387 89063 
50 46646 105477 

 196 
c) Flapping-wing test design: To study the flapping-wing performance, we measure the thrust when different 197 

sweepback wing models are actuated to follow various flapping motions. Based on our measurement of real penguins [19], 198 
the flapping and feathering motions are defined by 199 

sin(2 )flap flapA ftθ π=   (6), 200 

sin(2 / 2)feather featherA ftθ π π= −  (7), 201 

where Aflap and Afeather are the amplitudes and f represents the frequency. Afeather is set to 0°, 10°, 20°, 30°, and 40°. Other 202 
hydrodynamic parameters are summarized in Table 3, where three trial sets are specified. 203 

In trial set 1, different sweepback wings are actuated by the same motion (i.e., Aflap and f). In this set, the larger 204 
sweepback angle leads to a smaller flapping velocity ห𝒗𝒇𝒍𝒂𝒑ห due to the shorter spanwise widths, resulting in a smaller 205 
Strouhal number (St). The St number is defined as St = 𝑓𝐿௔௥௖/|𝑼|, where f is the flapping frequency, Larc is the arc length 206 
of the wing tip during flapping motion and U is the flow velocity. The flapping velocity ห𝒗𝒇𝒍𝒂𝒑ห can be calculated as 207 
follows: 208 
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'0.75 flapl ω= ⋅flapv  (8), 209 

where l’ is the spanwise width and 𝜔௙௟௔௣ is the angular velocity of the flapping motion. 210 
To compare different sweepback angles with the same St number, trial sets 2 and 3 are employed. In trial set 2, Aflap is 211 

constant, while f is adjusted to achieve the target St number. In trial set 3, f is constant, while Aflap is adjusted for each St 212 
number. Both trial sets are conducted to investigate the effect of f and Aflap on thrust performance even under the same St 213 
number. The resultant Re and 1/St values are provided in Fig. 5 and Table 3. The Re number is defined as the maximum 214 
value at the mid-stroke when the inflow velocity vin is maximized. It is seen through the Re that the high flow speed 215 
situations are more similar to aquarium penguins when they swim between 0.83 m/s and 1.12 m/s, as we studied before 216 
(corresponding to Re numbers from 7× 10ସ to 11.1× 10ସ) [19]. Moreover, a higher flow speed also leads to a smaller St 217 
number, which ranges from approximately 0.6 to 0.2, as in aquarium penguins [19]. The literature has shown that many 218 
flying and swimming animals cruise in this range of St numbers for high locomotion efficiency as well [32]. 219 

In all measurements of the flapping wing, the rotation stage is fixed in the initial position. All the trials are repeated 220 
five times, and in each trial, the wing mechanism is actuated to flap 20 times, and only the force data from the middle 10 221 
times are recorded. 222 

In this paper, we focus on the thrust generated in the forward swimming direction (Fx). The net thrust Nx is employed 223 
for evaluating the propulsion ability, which can be calculated by , where 10/f denotes the duration of 224 
10 flaps. 225 
 226 
Table 3. PARAMETER SETTINGS IN FLAPPING-WING TESTS 227 
 228 

Description Trial Set 1: constant Aflap and f Trial Set 2: constant St and Aflap 
Sweep (°) 0 10 20 30 40 50 0 10 20 30 40 50 
T (°C) 40 40 
U (m/s) 0, 0.4, 0.8, 1.2, 1.6 0, 0.4, 0.8, 1.2, 1.6 
Aflap (°) 45 45 
f (Hz) 2.5 1.6 1.64 1.7 1.87 2.1 2.5 
Maximum 
Re ( × 104) 
for each U 

3.2, 
3.4, 
4.2, 
5.2, 
6.3 

3.2, 
3.5, 
4.2, 
5.2, 
6.4 

3.2, 
3.5, 
4.3, 
5.4, 
6.6 

3.2, 
3.5, 
4.5, 
5.7, 
7.1 

3.2, 
3.6, 
4.8, 
6.2, 
7.8 

3.2, 
3.8, 
5.3, 
7.1, 
9.0 

2.0, 
2.4, 
3.4, 
4.5, 
5.8 

2.1, 
2.5, 
3.5, 
4.7, 
5.9 

2.2, 
2.6, 
3.6, 
4.8, 
6.2 

2.4, 
2.8, 
3.9, 
5.3, 
6.7 

2.7, 
3.2, 
4.5, 
6.0, 
7.6 

3.2, 
3.8, 
5.3, 
7.1, 
9.0 

1/St for each 
U 

0, 
1.01, 
2, 
3.03, 
4 

0, 
1.03, 
2.04, 
3.13, 
4.17 

0, 
1.08, 
2.13, 
3.23, 
4.35 

0, 
1.18, 
2.33, 
3.45, 
4.76 

0, 
1.32, 
2.63, 
4, 
5.26 

0, 
1.56, 
3.13, 
4.76, 
6.25 

0, 
1.56, 
3.13, 
4.76, 
6.25 

0, 
1.56, 
3.13, 
4.76, 
6.25 

0, 
1.56, 
3.13, 
4.76, 
6.25 

0, 
1.56, 
3.13, 
4.76, 
6.25 

0, 
1.56, 
3.13, 
4.76, 
6.25 

0, 
1.56, 
3.13, 
4.76, 
6.25 

St for each U ∞, 
0.99, 
0.50, 
0.33, 
0.25 

∞, 
0.97, 
0.49, 
0.32, 
0.24 

∞, 
0.93, 
0.47, 
0.31, 
0.23 

∞, 
0.85, 
0.43, 
0.29, 
0.21 

∞, 
0.76, 
0.38, 
0.25, 
0.19 

∞, 
0.64, 
0.32, 
0.21, 
0.16 

∞, 
0.64, 
0.32, 
0.21, 
0.16 

∞, 
0.64, 
0.32, 
0.21, 
0.16 

∞, 
0.64, 
0.32, 
0.21, 
0.16 

∞, 
0.64, 
0.32, 
0.21, 
0.16 

∞, 
0.64, 
0.32, 
0.21, 
0.16 

∞, 
0.64, 
0.32, 
0.21, 
0.16 

 229 
 Trial Set 3: constant St and f 
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Sweep (°) 0 10 20 30 40 50 
T (°C) 40 
U (m/s) 0, 0.4, 0.8, 1.2, 1.6 
Aflap (°) 29 29.6 30.9 33.7 38.1 45 
f (Hz) 2.5 
Maximum 
Re ( × 104) 
for each U 

2.0, 
2.4, 
3.4, 
4.5, 
5.8 

2.1, 
2.5, 
3.5, 
4.7, 
5.9 

2.2, 
2.6, 
3.6, 
4.8, 
6.2 

2.4, 
2.8, 
3.9, 
5.3, 
6.7 

2.7, 
3.2, 
4.5, 
6.0, 
7.6 

3.2, 
3.8, 
5.3, 
7.1, 
9.0 

1/St for each 
U 

0, 
1.56, 
3.13, 
4.76, 
6.25 

0, 
1.56, 
3.13, 
4.76, 
6.25 

0, 
1.56, 
3.13, 
4.76, 
6.25 

0, 
1.56, 
3.13, 
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Fig. 5. Resultant (a) Reynolds number Re and (b) 1/St in flapping-wing tests. 232 
 233 
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 234 
Fig. 6. Lift and drag coefficients CL and CD of (a) low Re (from 3.0×104 to 4.7×104), corresponding to test condition 1 in 235 
Table II, and (b) high Re (from 6.8×104 to 10.5×104), corresponding to test condition 2; lift-to-drag ratio CL/CD of (c) the 236 
low-Re condition and (d) the high-Re condition. 237 

3. Results 238 

3.1. Lift and drag coefficients in the fixed-wing test 239 

The lift and drag coefficients of all the sweepback wings for the fixed-wing tests are shown in Fig. 6(a)(b), where Fig. 240 
6(a) and Fig. 6(b) correspond to test condition 1 (low Re) and test condition 2 (high Re), respectively, which are listed in 241 
Table 2. Initially, all lift coefficients CL increase with increasing AoA. Then, the CL curves reach extreme values and start 242 
to drop. We refer to this extreme AoA angle as the stall angle in this paper. 243 

A comparison of the wings of different sweepback angles indicates that the wings of large sweepback angles (i.e., 40° 244 
and 50°) produced gentler lift slopes before stalls for both low and high Re numbers (Fig. 6(a)(b)). The stall angles are 245 
accordingly postponed as well, being 20° and 22.5° for sweepback angles of 40° and 50° at low Re numbers and 22.5° and 246 
27.5° for sweepback angles of 40° and 50° at high Re numbers, respectively (marked with dotted lines). Moreover, the 247 
decrease in CL after the stall angle for large sweepback angles is gentle at both low and high Re numbers, while it is abrupt 248 
for small sweepback angles (i.e., from 0° to 30°). Note that in aerodynamics, a wing with a high AR leads to a steeper lift 249 
slope, while a wing with a low AR leads to a gentler lift slope with increasing stall angle, preventing flow separation [33]. 250 
Based on our wings’ AR values in Table 1, we assume that sweepback angles from 0° to 30° correspond to larger-AR 251 
wings, while sweepback angles larger than 40° correspond to small Ars. A comparison of Fig. 6(a) and (b) indicates that 252 
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the increase in the Re number also delays stalling and increases the maximum CL for all sweepback angles, which is more 253 
prominent for small sweepback angles. Note that our previous CFD simulation of the same 3-D scanned wing without 254 
symmetrisation also shows that the stall angle is delayed by an increase in Re [23]. 255 

For the drag coefficient CD, a larger sweepback angle leads to a smaller CD before the stall for both low and high Re 256 
numbers. After the stall, a larger sweepback angle leads to a higher CD, similar to the case of CL. The lift-to-drag ratio, 257 
CL/CD, is shown in Fig. 6(d). The maximum lift-to-drag ratio also increases with an increasing Re number. Among the 258 
different sweepback angles, the sweepback angle of 30° produces the largest lift-to-drag ratio for both low and high Re 259 
numbers. After the stall, the larger sweepback angle achieves a larger lift-to-drag ratio. 260 

In summary, the wing characteristics of a large sweepback angle (i.e., 40° and 50°) are favourable in terms of the large 261 
stall angle, large maximum CL, moderate drop of the CL curve after a stall, and low sensitivity to the Re number. On the 262 
other hand, a small sweepback angle (i.e., 10°, 20°, 30°) is preferred in terms of a high lift-to-drag ratio before a stall. Note 263 
that the 0° sweepback wing seems not to follow the above trend because its lift slope is not steep and the maximum lift-to-264 
drag ratio is not large even with a high AR. This may be due to the curvature of the leading edge, which makes the leading 265 
edge advance rather than sweep back at the proximal region. 266 

3.2. Thrust in the flapping-wing test 267 

a) Thrust generation during a flapping cycle: Fig. 7(a) shows an example of the measured angular positions in one 268 

period, where Aflap =45°, Afeather =10°, and |U| =0.8 m/s. The upstroke and downstroke are distinguished by white and grey 269 

backgrounds, respectively. The AoA is calculated based on (2). The phase of AoA is synchronized with that of the 270 
feathering angle. According to (2), the AoA is dependent on the feathering angle θfeather and the flow velocity U. For clarity, 271 
Fig. 7(b) shows the AoA curves for two different feathering amplitudes and two flow speeds, distinguishing sweepback 272 
angles of 0° and 30°. The AoA amplitude decreases with increasing flow velocity and feathering amplitude. In addition, 273 
the AoA amplitudes of the sweepback wing model are always several degrees smaller than those of the no-sweepback wing. 274 
Concerning the reasons, it is shown in Table 1 that the sweepback wing model has a shorter spanwise width l0 due to the 275 
constant wing length l. Thus, the flapping velocity ห𝒗𝒇𝒍𝒂𝒑ห in Fig. 3(b) and (2) is comparatively smaller for the AoA. 276 

 277 

 278 
Fig. 7. (a) Actual angular positions of the wing with a sweepback angle of 30° in one period when flapping with a feathering 279 
amplitude of 10° at a flow speed of 0.8 m/s and the generated thrust; (b) AoA of two wing models in one period varying 280 
with different feathering amplitudes and flow speeds. 281 
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 282 
Fig. 8. Net thrusts generated by the wing mechanism at various flow speeds and flapping motions. Three columns 283 
indicate three trial sets, and five rows indicate wings with sweepback angles from 0° to 50°. A larger Afeather leads to a 284 
smaller mid-stroke AoA. 285 
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 286 
Fig. 7(a) also depicts the instantaneous thrust Fx produced in one period. The flapping wing generates positive thrust 287 

near the mid-stroke. The largest thrusts are found to be near 0 s, 0.2 s and 0.4 s, which correspond to large flapping velocities 288 
and large AoAs for large lifts. Lift is considered to be beneficial for generating effective thrusts. Conversely, negative 289 
thrusts exist near 0.1 s and 0.3 s, which correspond to the largest flapping angles 𝜃௙௟௔௣ but smallest flapping velocities 290 ห𝒗𝒇𝒍𝒂𝒑ห. As a result, the AoA is almost zero, and the forces applied to the wing are mainly the drag generated by the water 291 
flow. Hence, the thrusts are measured to be negative near these two moments. 292 

b) Net thrust per flapping cycle: The net thrust Nx is shown in Fig. 8, where subfigures (a), (b), and (c) indicate the 293 
three trial sets listed in Table 3, and from subfigures (a.0) to (a.5), sweepback angles from 0° to 50° correspond one-to-one. 294 
The flapping amplitude and frequency are marked in each subfigure as well. The net thrust generally increases with 295 
increasing AoA before an extreme point, after which the thrust starts to decrease. However, the extreme point might not 296 
occur for the low flow speed situation (i.e., 0 m/s) due to the large AoAs even with the maximum feathering amplitude of 297 
40°. Note that the maximum feathering amplitude is limited by the rotational speed of the motors. 298 

Comparing different trial sets, we see that trial set 1 generates larger net thrusts due to the larger flapping amplitude 299 
and frequency when the sweepback angle is small. The effect is prominent when the sweepback angle is less than 40°. 300 
However, the net thrust differences between trial sets 2 and 3 are very small, which indicates that the wings generate 301 
practically the same thrust when given the same St number, regardless of whether the flapping amplitude or the frequency 302 
is varied. Among different sweepback angles, the net thrust decreases with larger sweepback when flapping with the same 303 
amplitude and frequency (as shown in Fig. 8(a) trial set 1) because the larger sweepback results in a shorter spanwise width 304 
l’ and a smaller flapping velocity ห𝒗𝒇𝒍𝒂𝒑ห. This is also the reason we designed trial sets 2 and 3 on the basis of the same St 305 
number. The net thrust does not change much at different sweepback angles, as shown in Fig. 8(b)(c). 306 

 307 

 308 
Fig. 9. Maximum net thrusts that can be generated by various sweepback flapping wings at different swimming 309 
velocities: (a) Trial set 1, same Aflap and f; (b) Trial set 2, same St and Aflap; (c) Trial set 3, same St and f. 310 
 311 
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Sweep:0°
Sweep:10°
Sweep:20°
Sweep:30°
Sweep:40°
Sweep:50°

Flow speed |U| (m/s)  312 
Fig. 10. Ratio of the maximum net thrust of set 3 to that of set 2. 313 
 314 

To quantify the effect of sweepback on the net thrust more clearly, we depict the maximum net thrusts achieved by the 315 
optimal feathering amplitude for each flow speed in Fig. 9. The maximum net thrust decreases with increasing flow speeds 316 
and tends to be constant after 0.8 m/s in all trial sets. If comparing the thrust magnitudes in Fig. 9(a) of trial set 1, we notice 317 
that smaller sweepback angles are more beneficial for generating larger maximum net thrusts than larger sweepback angles. 318 
Note that the flapping velocity ห𝒗𝒇𝒍𝒂𝒑ห in the less-sweepback wing is larger than that in the larger-sweepback wing due to 319 
the larger spanwise width l’, resulting in a larger inflow velocity |𝒗𝒊𝒏| (Fig. 3(b)). According to Eqs. (3) and (4), the 320 
hydrodynamic forces are proportional to the square of the inflow velocity. Thus, wings with smaller sweepback angles 321 
generate larger maximum net thrusts. 322 

To compensate for the difference in the inflow velocity resulting from sweepback angles, trial sets 2 and 3 are designed 323 
as illustrated in subsection 2.4 (c). The results are shown in Fig. 9(b)(c), where the wings with larger sweepback angles 324 
generate larger thrusts under the same St number for both trial sets. In particular, the largest sweepback angle of 50° is 325 
notable. Moreover, trial set 3 produces more net thrust than trial set 2 when the sweepback is small (i.e., 0°, 10°, 20°) and 326 
the flow velocity is low (i.e., 0 m/s), while trial set 2 produces more net thrust with a small sweepback angle at a high flow 327 
velocity (i.e., 1.6 m/s). The ratio of the maximum net thrust (rn) of trial set 3 to that of trial set 2 in Fig. 10 also proves this. 328 

c) Variation in thrust within a flapping cycle: To more thoroughly inspect the difference between trial sets 2 and 3, the 329 
variation in thrust within a flapping cycle is compared for the cases of the maximum net thrust. 330 

The time variation in the thrusts within a flapping cycle is similar to that in Fig. 7(a). Therefore, we depict the 331 
instantaneous maximum and minimum values of the thrust within a flapping cycle for each case of the maximum net thrust, 332 
as shown in Fig. 11. Trial set 3 is found to generate larger absolute values of the maximum and minimum thrusts than trial 333 
set 2 in most situations, leading to larger variations in thrusts within a flapping cycle. That is, given the same St number, 334 
the combination of a small flapping amplitude Aflap and high frequency f (represented by trial set 3) can result in a large 335 
instantaneous thrust but is accompanied by a large instantaneous negative thrust. On the other hand, the combination of 336 
large Aflap and small f (represented by trail set 2) can achieve stable propulsions with less thrust fluctuation within a flapping 337 
cycle. 338 

 339 
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 340 
Fig. 11. Comparison of the maximum and minimum thrusts generated with the same St but different kinematics. Blue 341 
curves indicate a larger Aflap and smaller f in Trial set 2, and red curves indicate a smaller Aflap and larger f in Trial set 3. 342 
Sweepback angle changes from (a) 0° to (f) 50°. 343 
 344 

d) Optimal AoA amplitude for the maximum net thrust: The optimal AoA amplitude for the maximum net thrust tends 345 
to be larger when the sweepback angle is large, as shown in Fig. 12. Data for the 0 m/s flow speed are eliminated from Fig. 346 
12 since the maximum net thrust may not be realized (Fig. 8) due to feathering angle limitations. Most of the optimal AoA 347 
amplitudes fall within the range from 10° to 30°. The mean values of the optimal AoA amplitudes at each flow velocity are 348 
also shown. As illustrated in Section IV. A, we approximately classify the sweepback angle into large sweepback angles 349 
(i.e., 40°, 50°) and small sweepback angles (i.e., 0°, 10°, 20°, 30°) based on the lift coefficients. Hence, the mean values 350 
include those of all sweepback angles. The optimal AoA amplitude tends to decrease with increasing flow velocity. 351 
Moreover, the larger-sweepback wings are associated with larger optimal AoA amplitudes, which means they need less 352 
feathering motion to achieve the maximum net thrust. 353 
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 354 

Fig. 12. Optimal AoA amplitudes when maximum net thrusts are achieved in all the wings and the mean values. 355 
 356 

 357 
 358 
Fig. 13. Hydrodynamic efficiency for the maximum net thrust with various sweepback wings at different swimming 359 
velocities. (a) Trial set 1: same Aflap and f for each flow speed. (b) Trial set 2: same St and Aflap for each flow speed. (c) 360 
Trial set 3: same St and f for each flow speed. 361 
 362 

 363 
Fig. 14. Hydrodynamic efficiency ratio of Trial set 3 to Trial set 2. 364 
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3.3. Hydrodynamic efficiency 365 

The hydrodynamic efficiency for the maximum net thrust cases is shown in Fig. 13. For all trial sets, the efficiency 366 
increases with increasing flow speed, although a clear trend for the sweepback is not found. Even for the same St number, 367 
which is subject to trial sets 2 and 3 (Fig. 12(b)(c)), a clear relationship between the sweepback and efficiency is not found. 368 
The ratio of the efficiency (re) of trial set 3 to trial set 2 is calculated and shown in Fig. 14 for reference. In conjunction 369 
with the results of the net thrust per flapping cycle (Fig. 9), the analysis indicates that the penguin wing can generate large 370 
thrust with low efficiency at slow swimming speeds and can achieve high efficiency with less thrust at high swimming 371 
speeds. Note that the relationship between the efficiency and sweepback for constant cruising with less thrust demand is 372 
still unknown. 373 

4. Conclusion 374 

In this paper, an electric penguin-mimetic wing mechanism was applied to investigate the effect of wing sweepback on 375 
thrust generation. Five alternative wing models with different sweepback angles were prepared for comparison. To 376 
understand the static wing characteristics in steady flow, the lift and drag coefficients of the wings were first measured in 377 
a water tunnel in a statically fixed scenario. Among the studied sweepback angles, small-sweepback wings (from 0° to 30°, 378 
AR>3) were found to have steeper lift curves, while the large-sweepback wings (from 40° to 50°, AR<3) increased the stall 379 
angle and could maintain lift after a stall, which implies robustness of the large sweepback to variation in the AoA. In 380 
addition, a moderate sweepback angle (30°, AR=3.4) was verified to have the largest lift-to-drag ratio in steady flow. 381 

Then, the thrust during wing flapping was measured. With a larger feathering amplitude, the AoA amplitude decreased, 382 
and the thrust increased before the stall point. Concerning the maximum net thrust, smaller-sweepback wings were found 383 
to generate larger thrusts if following the same wing motion, benefiting from longer spanwise widths. However, at the 384 
same St number, larger sweepback wings could generate more thrust. The optimal AoA amplitudes for realizing the 385 
maximum thrust tended to decrease with increasing flow speed. Finally, the hydrodynamic efficiency of propulsion with 386 
flapping was evaluated. The efficiency for the maximum net thrust increased with increasing flow speed, while a clear 387 
relationship with the sweepback angle was not found. 388 

Overall, the sweepback of the wing decreased the net thrust given the same wing motion and increased the net thrust 389 
given the same St number. The effect of the sweepback on the propulsion efficiency for the maximum net thrust was not 390 
clear. This paper presented an experimental verification of the sweepback effect based on preset conditions, which is also 391 
the basis for realizing motion control of a penguin-mimetic swimming robot. In future studies, we plan to investigate the 392 
effect of wing flexibility and passive deformation on thrust performance and structural requirements. 393 
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