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The pectoral fin shape, size, and speed are the three main parameters for the
proposed design. The influence of the geometrical shape of pectoral fin in
labriform-mode swimming mechanism is evaluated with the aid of computa-
tional fluid dynamics (CFD) method, which could be considered as a first step
before building the complete robot prototype. The simulated results obtained are
then validated experimentally. Two concave-shape fins were designed with high
precision, and each one of them is attached to a servomotor arm, which is, in
turn, connected to a servomotor that is sliding on a pair of parallel shafts fixed at
the center of a pool. The mathematical model of the proposed design is derived
and then simulated by SolidWorks software. A different number of fin oscillating
angles are tested with different power-to-recovery ratios. The generated thrust
and drag force components under different working conditions are investigated,
and hence, the drag coefficient is obtained experimentally. Body velocity and
motor torque are calculated and compared with theoretical analysis. The results
indicate that for each angle of rotation, there exists an optimal ratio that pro-
duces a maximum thrust during power stroke and maintains a minimum drag
during recovery stroke.
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1 INTRODUCTION

A large number of applications require the use of swimming robots such as aquatic life monitoring, military inter-
vention, water pollution detection, and commercial applications. These all involve the continuous development of
underwater robots, which can be used instead of human beings.1 Designing the swimming robots to behave like real
fish in terms of movement and maneuvering requires a deep knowledge of swimming mode mechanisms and behaviors.
Different types of fish use different types of fins as their main locomotor. Generally, there are two types of swimming
modes: body and/or caudal fin (BCF) and median and/or pectoral fin (MPF), and according to the type of fins that
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uses in locomotion, they can be further classified into undulatory type and oscillatory type.2 For BCF-undulatory type,
the motion is a wave of muscles that is generated from the head of the fish to its tail such as anguilliform, carangi-
form, and subcarangiform locomotion, whereas the oscillation motion involves turning of the body and caudal fin
to propel the fish such as ostraciiform and thunniform locomotion. On the other hand, the MPF undulatory motion
involves diodontiform, gymnotiform, amiform, and balistiform locomotion and oscillatory motion such as labriform
and tetadntiform. Another type known as rajiform can be considered as a combination of undulatory and oscillatory
locomotion.3

In the literature, there are many studies about swimming robots' design and modeling that uses the pectoral fins
as the main locomotor; researchers in References 4-6 developed a fish-like swimming robot based on artemia and pro-
vided a wireless control mechanism that controls the movement of underwater robot. Reference 7 provided a robotic
fish with oscillating pectoral fins, and the way it is controlled was done by central pattern generators (CPGs). Others in
Reference 8 developed a cownose ray-inspired robotic fish where the propulsion mechanism was by both oscillating and
chordwise twisting pectoral fins. In Reference 9, the researchers designed and studied the effect of pectoral fin flexibility
in the performance of robotic fish. We utilize this fact in our proposed model since fin rigidity is a crucial issue in pro-
ducing high thrust. An integrated approach of both insect wings and fish fins was proposed in Reference 10 for higher
agility achievement underwater. In Reference 11, researchers considered the turning characteristics of robotic fish with
2-degree of freedom pectoral fins and flexible body/caudal fin. They examined the hydrodynamic forces with three cases
of propulsion mechanisms: both sides of pectoral fins, flexible body/caudal fin, and composite of them. A new hybrid
tail fish robot, which is actuated by two active joints, is developed. The first joint is responsible for forward motion and
driven by a servomotor, whereas the second joint is actuated by a soft actuator, an ionic polymer-metal composite (IPMC)
artificial muscle, which directs the propelled fluid for steering.12

The researchers in Reference 13 proposed an evolutionary multiobjective optimization (EMO) approach to the design
and control of flexible fins for robotic fish, in which they investigated fins of different stiffness values and sizes. In
Reference 14, the authors mentioned the unmanned underwater vehicles (UUVs) by studying the hydrodynamics of
UUVs, especially drag force since it is required to determine the total thrust. Reference 15 provided a perfect design of
autonomous underwater vehicle of marine propeller with the aid of both computational fluid dynamics (CFD) simula-
tion and finite element analysis method by SolidWorks software in order to get the optimum thrust from the propeller. In
Reference 16, the authors developed a dynamic model of the oscillating pectoral fin based on the quasi-steady blade ele-
ment theory, and they investigated different motion parameters to show the performance of the oscillating pectoral fin.
A 6-DOF of robotic fish is adopted in Reference 17, in which surge, sway, heave, roll, pitch, and yaw were considered as
the swimming in ocean with the carangiform-mode swimming mechanism.

In labriform (rowing motion)-mode swimming mechanism, the main component of the hydrodynamics force is
due to the drag force.18-22 Pectoral fins are the major elements in the fish, which produce forward thrust force.23

In Reference 24, the researchers presented both the sensory feedback attitude control of a bio-inspired robotic fish with
pectoral fin actuation. Single undulating fin propulsion mechanism, for the swimming robot, was developed and tested in
Reference 25, and the fin controls both forward motion and directional maneuvers. A complete three-dimensional (3D)
dynamic model for the robotic fish actuated by pectoral and caudal fins is presented in Reference 26, in which the fluid
forces mainly contain quasi-steady lift and drag, gravity and buoyancy, and waterjet strike force. In Reference 27, a study
of the relationship between pectoral-fin ray stiffness and swimming behavior in Labridae is given in detail in terms of
design, performance, and ecology.

In this article, the design and modeling of pectoral fins of labriform-mode swimming robot are implemented. The
main contribution of this article is to present a dynamic model of a concave fin that produces hydrodynamic forces for
swimming robot based on pectoral fin as a rigid body, which, in turn, plays a significant role in picking up the body
rotation and transition motions of a swimming robot. The concave shape provides a reaction force that will support and
help in the propulsion mechanism during the power stroke, while during recovery stroke, it will be at minimum. This
model is concerned with the variation of the rotation angle between the longitudinal axis of the pectoral fin and the main
direction of the water flow, which, in our case, is defined as (Θ). The proposed model analysis is enhanced using CFD
method and practical experiments, and both simulated and experimental results showed the effectiveness of such a model
in producing forward thrust force.

The remainder of this article is organized as follows. Pectoral fins of the robotic fish prototype are briefly introduced
in Section 2. Section 3 presents the mathematical model of the proposed design. Analyses of simulation/experimental
results are further offered in Section 4. Section 5 includes the conclusion.
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2 DESIGN OF PECTORAL FINS

During the movement of fluid through an object, there should be a resistance to that movement. This resistance generates
a hydrodynamic force, which can be classified into force due to the friction and force due to the pressure. These two
forces may incorporate together with the geometrical shape, speed, and characteristics of the fluid in producing forward
velocity. Navier-Stokes equations are solved by computational fluid dynamics that is an incredible powerful tool provided
by SolidWorks software, which can be utilized in identifying these hydrodynamic forces.28 In our proposed model, two
servomotors, two pectoral fins, and two joints were carefully designed by SolidWorks software, as shown in Figure 1.

Physically and geometrically, the movement of the body in a fluid may result in displacement of a portion of the
fluid within the movement of the body and results in moving that displaced fluid with the body, producing an effect of
added mass.15,29 Servomotor joint was designed very precisely to match the servo’s shaft. Two joints were attached to each
servomotor to satisfy the motion dictated by the servomotor such that the pectoral fin maintains the highest speed during
the power stroke and the lowest speed during the recovery stroke. The two servomotors were linked with pectoral fins
through their arms and then placed on a thin plate, as shown in Figure 2, which in turn slides over two parallel shafts (in
order to investigate the drag force generated from the pectoral fins only) placed in a pool with a specific dimension. The
complete prototype design of the pectoral fins experiment is shown in Figure 3. This robot is assumed to be surrounded

(A) (B) (C)

F I G U R E 1 The components of the proposed design. A, Servomotor. B, Servomotor arm. C, Concave pectoral fin

F I G U R E 2 Left and right pectoral fins attached to their servomotors

F I G U R E 3 The complete design of experiment
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by an inviscid, incompressible fluid.28-30 In Reference 29, the depth of the robot is kept unchanged during swimming,
ignoring the effect of the pressure in this simulation.

3 MATHEMATICAL MODEL OF THE PROPOSED DESIGN

We assumed that the body's frame coincides with the global coordinate system. Since we are concerned with only
the pectoral fins at this stage, the movement of the body is a 1-DOF, which is represented by the linear velocity
component along the x-axis. A top view of free body diagram is shown in Figure 4, where [X , Y , Z]T indicates the global
robotic fish. We followed the simplified equations of the fish body in the body coordinate system, as represented in
References 9, 16, and 28.

(Mb − M𝑎𝑥)V̇𝑏𝑥 = (Mb − M𝑎𝑥)V𝑏𝑧w𝑏𝑦 + Fx, (1)

(Iy − M𝑎𝑦)ẇ𝑏𝑦 = My, (2)

(Mb − M𝑎𝑧)V̇𝑏𝑧 = (Mb − M𝑎𝑥)V𝑏𝑥w𝑏𝑦 + Fz, (3)

where Mb is the robotic fish mass, Iy is the robot inertia about the y-axis, and Max, May, and Maz are the added mass/inertia
on the rigid body.9,16,31,32 V bx, wby, and V bz are the body's x, y, and z velocity components, respectively. Fx, My, and Fz are
the external hydrodynamics forces/moments exerted on the robotic fish body, which are given as

Fx = Fℎ𝑥 − FD cos 𝛽 + FL sin 𝛽, (4)

My = Mℎ𝑦 + MD, (5)

Fz = Fℎ𝑧 − FD sin 𝛽 − FL cos 𝛽, (6)

where Fhx, My, and Fz are the hydrodynamic forces/moments transmitted from the pectoral fins to the robotic fish. FD,
MD, and FL are the body's drag, moment, and lift forces, respectively. These forces are given as follows:

FD = 1
2
𝜌V 2

b𝑆𝐶D, (7)

MD = −C𝑀𝑤𝑏𝑦
sgn(w𝑏𝑦), (8)

FL = 1
2
𝜌V 2

b𝑆𝐶L𝛽, (9)

Vb =
√

V 2
𝑏𝑥
+ V 2

𝑏𝑧
. (10)

F I G U R E 4 The free body diagram of the pectoral fins
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The robot kinematics are given as in References 13 and 15

Ẋ = V𝑏𝑥 cosΨ − V𝑏𝑧 sinΨ, (11)

Ẏ = w𝑏𝑦, (12)

Ψ̇ = V𝑏𝑧 cosΨ + V𝑏𝑥 sinΨ, (13)

where 𝜌 is the water density and Ψ is the angle between the x-axis of global coordinate and the x-axis of body coordi-
nate. CD and CL are the drag and lift coefficients, respectively, while S denotes the projected surface area to the water
such that

Souter = [4𝜋(router)2]∕8, (14)

Sinner = [4𝜋(rinner)2]∕8, (15)

where Souter and Sinner are the surface areas of outer and inner radii, respectively, while router and rinner are the fin outer
radius and fin inner radius, respectively. 𝛽 is defined as the angle of attack of the body, and sgn(.) is the signum function,
and Ψ is the angle between the x-axis and the X-axis.28

Generally, the drag force is the force that is in the opposite direction to the flow and the lift force is the normal force to
the flow.21 In order to evaluate the hydrodynamic force applied by the water, we set up the proposed model as stationary
and let the water be the moving part. The servomotor is employed to a rotating fin based on the following equation, with
the rotation pattern shown in Figure 5.

𝜃(t) = A
2
− A

2
⋅ cos𝜔𝑡, (16)

where Θ(t) represents the instantaneous angular position of the base of the fin, A is the amplitude of the wave generated
by the fin, and 𝜔 is the angular frequency that can be given as 𝜔 = 2𝜋f .20,33,34 Only the forward direction of swimming is
considered. Our main goal is to determine the hydrodynamic forces applied to the pectoral fin while moving toward or
backward within different fin beat angles.

In order to get net thrust, we followed this fact:

NetThrust =
−𝜃◦∑
𝜃◦

Thrust −
𝜃◦∑
−𝜃◦

Drag, (17)

F I G U R E 5 Servomotor rotation angle
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where the hydrodynamic forces at each angle of rotation are calculated and added to the previous angle until completing
on cycle. It is noteworthy that we use the sign (−) before the angle to indicate the recovery stroke side, whereas the positive
angle is the starting angle at the power stroke.

4 EXPERIMENTS AND RESULTS

4.1 Simulation analysis

To validate the proposed design, five experiments of different power-to-recovery ratios are conducted on the robot model,
in which a pair of pectoral fins is designed with plastic polylactic acid (PLA) as a rigid material with a density of
1300 kg/m3. The novel design of these fins is precisely built as an octal hollow spherical shape such that the outer radius
is 2.5 cm and the inner radius is 2.3 cm, producing a rigid concave shape of thickness 2 mm. A joint of length 1.88 cm is
driven by a servomotor, which is connected to a well-designed joint attached to each pectoral fin. Since our model is based
on rowing motion of the labriform mode, during power stroke phase, the thrust force should be at a maximum value,
whereas in recovery stroke phase, it is strongly recommended to minimize the drag force as much as possible in order
to generate a net forward thrust. We utilize the concave shape of the pectoral fin to produce the maximum thrust during
the power stroke and the minimum drag force during recovery stroke, where the net forward thrust = thrust − drag. We
tested our model with different power-to-recovery stroke ratios (ie, a ratio of 1:1, 2:1, 3:1, 4:1, and 5:1), and in each ratio,
we further tested the model with different oscillating ranges. Due to our model geometry of a concave fin design, we use
the maximum angle 50◦ in power, so the fin will not hit the frontal part of the body.

The following assumptions were used for both power stroke and recovery stroke:

• Air pressure is 101 325 pa at 20◦C (293 K).
• Gravity feature is considered, where g = 9.81 m/s2.
• The dimensions of the proposed tank (computational domain) are set as 1 m × 0.65 m × 0.65 m.
• We assumed the roughness is 0 μm.
• No cavitation is in the simulation.
• Water density is 1000 kg/m3.
• Projected surface area is 0.0813 m2 in power stroke and 0.0947 m2 in recovery stroke.
• Plate of the servos' dimensions is 0.1 × 0.12 × 0.01 m.
• Servomotor speed is 0.11 second/60◦.
• Oscillating frequency is 1.515 Hz.
• The servomotor arm is at 50◦ at reset.
• Boundary condition is set to ideal wall (ie, no slip condition).
• XYZ earth global coordinate coincides with the xyz body coordinate systems.
• Mass of each fin is 8.82 g.
• For this prototype, we ignored added mass/inertia effect.
• The total hydrodynamic forces exerted on the pectoral fins are in the x direction, while the hydrodynamic force

in y and z directions are both zero because of the left-right symmetry of the oscillating fins. Consequently, we
are concerned with the forward velocity of the body at the x-axis, and other velocity components on y- and z-axes
are zeros.

With the aid of CFD, we investigate the thrust and drag for every angle of rotation starting from 50◦, 40◦, 30◦, 20◦, 10◦,
0◦, −10◦, −20◦, −30◦, −40◦, and −50◦. Each angle is tested for both power stroke speed and recovery stroke.

For each case in Figure 6, there is an optimal range of oscillation with optimal power-to-recovery ratio; for the ratio
of 1:1, the optimal range is 10◦ to −10◦, which is translated to an amplitude of 20◦ and so on for other ranges. The mod-
erate ratio 3:1 can be considered as an optimal range with approximately all different ranges. As the range increases,
the hydrodynamic force will be accumulated following Equation (17); we validate this fact as shown in Figures 7-11.
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F I G U R E 6 Hydrodynamic forces
vs different ranges of power-to-recovery
stroke ratios

Ratio 1:1 Ratio 2:1 Ratio 3:1 Ratio 4:1 Ratio 5:1

10˚ to (-10˚) 0.0037 0.0026 0.0011 0.0011 0.001

20˚ to (-20˚) 0.0033 0.0033 0.002 0.001 0.0021

30˚ to (-30˚) 0.0015 0.003 0.0012 -0.0005 0.0012

40˚ to (-40˚) 0.0002 0.0029 0.0014 -0.0028 0.0011

50˚ to (-50˚) -0.0002 0.0031 0.0012 -0.0031 0.0009
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F I G U R E 7 Hydrodynamic forces
on x-axis (N) when power-to-stroke ratio
is 1:1
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10˚ to (-10˚) 0 0.0205 0.0168

20˚ to (-20˚) 0 0.0327 0.0294

30˚ to (-30˚) 0 0.0439 0.0424

40˚ to (-40˚) 0 0.055 0.0548

50˚ to (-50˚) 0 0.0667 0.0669

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

H
yd

ro
dy

na
m

ic
 fo

rc
es

 o
n 

x 
ax

is
 (

N
)

Time (sec)

The results showed that the maximum thrust can be achieved at 50◦ and the minimum drag is at −50◦, producing a
total angular displacement of 100◦ around the y-axis. The hydrodynamic forces are applied to both concave and con-
vex sides when the fin starts to beat in power stroke cycle, for a power-to-stroke ratio of 1:1, the active force is the
forward thrust force and is applied from 0 to 0.33 seconds, while in recovery stroke, the active force is the drag force,
which is in the opposite direction of robot's forward movement and is applied from 0.33 to 0.66 seconds to complete one
cycle, as shown in Figure 12, where the red arrows indicate the motor motion and the blue ones represent the applied
hydrodynamic forces. For other ratios, the same manner is followed, where each time corresponds to a specific
power-to-recovery ratio.

The drag coefficient is calculated, and for comparison purposes, we compared the calculated drag coefficient with
the one in the literature; the results showed approximately the same as mentioned in References 9, 28, and 35, as shown
Figure 13 at power-to-recovery ratios of 1:1 and 2:1 at different angles of rotation.

For theoretical verifications, we will consider the ratio of 1:1 with an oscillating range of 50◦ to −50◦. Following
Equation (16), the angular velocity of the fin at power stroke speed at time 0.33 second is about 303◦/second; this value
matches the theoretical calculations by the relation 𝜔 = Θ/t, where Θ is 100◦ (1.74 rad/second) and t is 0.33 second,
which gives the angular velocity of 5.27 rad/second (301.99◦). Figure 14 shows the simulation result of angular fin
velocity.
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F I G U R E 8 Hydrodynamic forces
on x-axis (N) when power-to-stroke ratio
is 2:1

0 0.33 0.66

10˚ to (-10˚) 0 0.0189 0.0178

20˚ to (-20˚) 0 0.0316 0.0296

30˚ to (-30˚) 0 0.0431 0.0419

40˚ to (-40˚) 0 0.0546 0.0532

50˚ to (-50˚) 0 0.0663 0.0651
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F I G U R E 9 Hydrodynamic forces
on x-axis (N) when power-to-stroke ratio
is 3:1

The corresponding body velocity is then calculated with and without the hydrodynamic force in Figure 15. The body
velocity reaches about 5 to 10 cm/second. It is good to remention that we ignored both friction and weight of the plate
and consider only the effect on the pectoral fin to examine its ability to produce the net thrust. The simulated results
given here prove its success. For the same case, we calculated the motor torque required to oscillate the pectoral fin with
and without the hydrodynamic force and is shown in Figure 16, where the results match the theoretical calculation with
motor torque = applied force × radius; since the applied force is considered only on the fins without taking into account
the other components, the motor torque is very small at this stage. The magnitude of angular velocity is calculated for
complete cycle of the fin, which matches the theoretical results, where the power stroke speed is 5.27 rad/second as
calculated previously and the recovery stroke speed is also 5.27 rad/second (1.74 rad/0.66 second) and the total angular
velocity for both power and recovery strokes is (300◦ + 300◦)/second, as shown in Figure 17. From the previous results,
we calculated the forward linear velocity of the body during one cycle when the power-to-recovery ratio is 1:1, 2:1, 3:1,
4:1, and 5:1, as shown in Figure 18.
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F I G U R E 10 Hydrodynamic
forces on x-axis (N) when
power-to-stroke ratio is 4:1
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F I G U R E 11 Hydrodynamic forces
on x-axis (N) when power-to-stroke ratio
is 5:1
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F I G U R E 12 Thrust and drag forces at power and recovery strokes.
A, Power stroke. B, Recovery stroke

(A) (B)



10 of 17 NASER AND RASHID
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F I G U R E 13 Drag coefficient at power and
recovery strokes
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F I G U R E 14 Angular velocity of
the pectoral fin at power-to-stroke ratio
of 1:1
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F I G U R E 15 Body forward
velocity at power stroke time
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F I G U R E 16 Motor torque at power
and recovery stroke times
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F I G U R E 17 Angular velocity
of the fin during one cycle
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F I G U R E 18 Forward body velocity
with different power-to-recovery ratios
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4.2 Experimental analysis

In this section, experimental results validating the accuracy of the model developed in the previous section are given.
A swimming pool of dimension of 1 m × 0.65 m × 0.65 m made of acrylic plastic material has been used as an exper-
iment environment, and the pectoral fins of the robot are controlled by an Atmega microcontroller, while Waterproof
Sub-Micro Servo from Traxxas was used to move the pectoral fins at the maximum speed of 0.11 second/60◦. All plas-
tic parts such as fins, joints, and base plates are made by a 3D printer of PLA material. The robot motion was captured
through Kodak high-resolution camera at a frame rate of 30 frames per second. A computer equipped with MATLAB soft-
ware, capable of supporting real-time and offline workflows, was used to extract the desired data and process the video
via image processing toolbox. Two stainless steel parallel shafts used as motion straighter are fixed in the middle of the
tank at a height of 32.5 cm; about half of the pool is filled with water to make the robot neutrally buoyant. The robot
is driven by wires, which are connected to the 5-V power supply. Figures 19-21 show the complete setup process of the
experiment.

Five power-to-recovery stroke speed ratios were tested. In all simulations/experiments, the maximum servomotor
speed is fixed, which corresponds to a fin-beat frequency of 1.515 Hz. A ratio of 1:1 is experimented and compared to the
simulated results as shown in Figures 21 and 22. Snapshots in Figure 21 show the time corresponding to the movement
of the fins, where the time duration for the servomotor to complete one cycle is 0.66 second. Therefore, it can be noticed
that the time taken at the power stroke is the same as the time taken at the recovery stroke time. On the other hand,

F I G U R E 19 Complete prototype robot and its
environment

F I G U R E 20 Top view of the robot in the pool
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F I G U R E 21 Snapshot of complete one cycle at power-to-recovery
ratio of 1:1

F I G U R E 22 Forward velocity
when the power-to-stroke ratio is 1:1
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Simulation 0.000 0.953 2.082 3.336 4.431 5.062 5.116 4.705 4.003 3.559

Experiment 0.000 0.930 1.563 3.162 4.015 5.010 4.700 4.488 3.125 1.563
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F I G U R E 23 Snapshot of complete
one cycle at power-to-recovery ratio of 2:1

in Figure 23, the ratio is adjusted to 2:1 where the fin will complete the power stroke at time 0.22 second, while the
recovery stroke will be completed at time 0.66 second, which is twice of the time taken to complete the power stroke. In
Figure 24, the power stroke will be completed at time 0.165 second, and from 0.165 to 0.66 second, the fins will complete
the recovery stroke; the time taken to complete the recovery stroke is three times the time taken to complete the power
stroke. In Figure 25, the velocity of the power stroke is further increased and will be completed at time 0.132 second, while
the remaining time will be taken by the recovery stroke to be completed at time 0.66 second. Finally, in Figure 26, the
velocity of power stroke is now five times the velocity of the recovery stroke, the power stroke will be completed at time
0.11 second, and time from 0.11 to 0.66 second will be for the recovery stroke.
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F I G U R E 24 Snapshot
of complete one cycle at
power-to-recovery ratio of 3:1

F I G U R E 25 Snapshot of complete one cycle at power-to-recovery ratio of 4:1

F I G U R E 26 Snapshot of complete one cycle at power-to-recovery ratio of 5:1

For all the designed rigid fins, we can notice that a higher power-to-recovery ratio provides a faster swimming velocity,
which matches the results shown in Figure 18. Since the drag force will be increased at high power-to-recovery ratios
within the servomotor constraints, it can be noticed that the highest achievable swimming velocity does not happen at
the highest power-to-recovery ratio. Instead, the highest swimming velocity is obtained if a moderate ratio (3:1) is used.
When the ratio is 3:1, the drag force at the recovery stroke will no longer affect the forward velocity of the body. Figures 22
and 27-30 demonstrate this fact.
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F I G U R E 27 Forward velocity
when the power-to-stroke ratio is 2:1
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Experiment 0 0.562 2.125 3.25 4.375 3.275 2.16 2.321 1.938 1.064
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F I G U R E 28 Forward velocity
when the power-to-stroke ratio is 3:1
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F I G U R E 29 Forward velocity
when the power-to-stroke ratio is 4:1
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0.00 0.07 0.13 0.20 0.31 0.37 0.44 0.54 0.61 0.67

Simulation 0 5.709 8.769 10.715 7.215 6.781 5.407 5.096 4.139 1.283

Experiment 0 3.562 7.188 8.750 7.113 6.313 5.313 5.563 2.125 1.125
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F I G U R E 30 Forward velocity
when the power-to-stroke ratio is 5:1

5 CONCLUSION

In this study, a novel model of the pectoral fins has been proposed as the main locomotor for labriform robotic fish. The
proposed design was implemented under SolidWorks software with the aid of the CFD method. Utilizing the shape of
concave fins, the hydrodynamic forces generated at the power stroke outcomes the one generated at the recovery stroke.
This fact gives the robot the ability to move forward at larger displacement compared with the recovery stroke. Several
fin-oscillating angles were investigated, and an optimum oscillation range was investigated for each power-to-recovery
ratio. The main objective that has been achieved is a maximum thrust during the power stroke and a minimum drag
during the recovery stroke. Five values of power-to-recovery ratio have been tested, the generated hydrodynamic thrust
and drag are calculated, and the maximum thrust was obtained in the moderate ratio of power-to-recovery stroke of 3:1.
The dynamic model was validated through experiments conducted on a robotic fish, where the swimming velocity of
the robot was measured. The drag force will be increasing at the higher ratios, and it can be noticed that the highest
achievable swimming velocity does not happen at the highest power-to-recovery ratio. Instead, the highest swimming
velocity is obtained if a moderate ratio (3:1) is used, in which the drag force at recovery stroke will no longer affect the
forward velocity of the body since it will be kept at a minimum. The results of the experiments proved the success of the
proposed design, and it can be used for labriform-mode swimming robots.
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