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Abstract: Fishes have evolved different excellent swimming strategies. To study the influence of tail
fin swing on the swimming performance of bionic robot fish, with one joint under the same tail swing
frequency and amplitude, we designed a novel robot fish, driven by a double-cam mechanism. By
designing the profile of the cam in the mechanism, the robot fish can achieve different undulatory mo-
tion trajectory of the caudal fin under the same tail swing frequency and amplitude. The mechanism
simulated the undulatory motion of crucian carp. We studied the influence of undulatory motion on
the swimming speed of robot fish, which was analyzed by dynamic analysis of the undulatory motion
and experiments. According to the experimental results, we can find that the swimming speed of
the robotic fish is different under various wave motions. When other conditions are the same, the
speed that the robot fish can achieve by imitating the swing motion of the real fish is 1.5 times that of
the robot fish doing the cycloid motion. The experimental results correspond to the kinetic analysis
results. Furthermore, it is proven that the robot fish with a low caudal peduncle stiffness swims faster
under a low swinging frequency, and the speed of a robot fish with a high caudal peduncle stiffness
is higher under a high tail swinging frequency.

Keywords: robotic fish; double-cam mechanism; undulatory motion

1. Introduction

Oceans cover 71% of the earth’s surface and determine its climate and ecology [1].
Oceans also represent a large genetic stock; this stock has evolved into a large variety of
aquatic life, occupying almost 99% of the available living space volume, most of which
remains unexplored by human beings.

Underwater robots can explore oceans and aquatic environments; the main approaches
comprise of main propeller and biomimetic propulsion systems. Currently, propeller
propulsion has achieved success in certain applications; however, the corresponding noise
disturbs the environments of ocean life [2], leading to failures in monitoring and/or
protecting ocean life. Bio-robots have shown good potential for being implemented (and
even assimilating) into aquatic living communities. They use their super-streamlined bodies
to exploit fluid-mechanical principles, achieving extraordinary propulsion efficiencies,
acceleration, and maneuverability [3].

Fish have evolved different excellent swimming performances [4]; these are being
increasingly exploited by engineers to develop biomimetic underwater robots that outper-
form traditional underwater vehicles. Considering the propulsion mode, the undulatory
motions of fish can be generally divided into a body/caudal fin propulsion mode (BCF
mode) and central fin/counter fin propulsion mode (MPF mode) [5]. The BCF mode, which
forms thrust through trunk bending and caudal fin swing, produces a high swimming
speed, high efficiency, and fast starting performance [6]. Therefore, the BCF mode is

Machines 2022, 10, 190. https://doi.org/10.3390/machines10030190 https://www.mdpi.com/journal/machines

https://doi.org/10.3390/machines10030190
https://doi.org/10.3390/machines10030190
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/machines
https://www.mdpi.com
https://orcid.org/0000-0002-3715-2003
https://orcid.org/0000-0003-4975-3495
https://doi.org/10.3390/machines10030190
https://www.mdpi.com/journal/machines
https://www.mdpi.com/article/10.3390/machines10030190?type=check_update&version=2


Machines 2022, 10, 190 2 of 13

suitable for long-time, long-distance, and high-speed swimming, as well as for instanta-
neous acceleration or quick steering. It has been estimated that 85% of fish use BCF as the
main propulsion mode [7]. Therefore, research on biomimetic fish is mainly based on the
BCF mode.

Traditionally, the design of BCF bionic fish relies on the use of driving elements, such
as motors and hydraulics. In addition, robotic fish driven in the traditional way usually
have multiple rigid linkages [7]. A typical example is the “Robo tuna”, a bionic robotic
tuna developed by MIT in 1994, which has eight joints and reaches a speed of 2 m/s [4].
A self-propelled, dolphin-like robot, developed by the Tokyo Institute of Technology and
comprised of two joints, had a body length of 1.75 m and could reach a maximum speed
of 1.15 m/s [7]. In 2014, Mathieu et al. developed amphibot-III, a bionic eel robot fish
with eight joints [7]. In Beijing University of Aeronautics and Astronautics, researchers
have developed a series of thunniform bionic robotic fish, with two parallel joints for the
tail peduncle and caudal fin, driven by a two-axis servo motor [8,9]. In 2006, the Harbin
Institute of Technology successfully developed a two-joint carangiform fish robot, denoted
as “HRF-I,” with a swimming speed of 0.5 m/s. In 2010, researchers at the University of
Science and Technology of China developed a four-joint bionic robotic fish based on the
morphological structure and motion form of carangiform fish [10]. In general, relative to
bionic fish robots with multiple joints, robots with single joints have a simpler structure,
smaller size, and higher Strouhal number and can cruise in narrow spaces (e.g., in rivers
and offshore). Therefore, in this study, we focused on the design and study of bionic
fish driven by a single joint. Currently, several bionic fish with single joints have been
developed. In 2008, BIRG, of the Federal Institute of Technology in Lausanne, developed
a robotic fish “boxybot,” i.e., an ostraciiform bionic fish robot driven by a motor through
a gear; it could rotate, swim forward and backward, and dive [11]. In 2012, the “BLRF-I”
series of carangiform bionic robot fish were developed at the Beijing Institute of Technology,
with steering gear driven directly and a modular design. This modular design allowed for
forming single-joint, two-join, and three-joint bionic fish, based on changing the steering
gear unit. Among them, the single-joint robot fish could achieve a maximum tail swing
frequency of 1.4 Hz, and its swimming speed was approximately 0.08 m/s (0.27 BL/s) [12].
In 2013, Michigan State University developed a single-joint robot fish with one motor driven
by a chain, which was used to study a dynamic model of a robot fish driven by a caudal
fin. The robot fish could swing its tail at approximately 2.7 Hz [13]. In addition, some
researchers have used a motor to drive the crank rocker [14] and shaper mechanisms [15] to
realize the fin swing of the tail. In 2016, Institute of Precision Engineering designed a novel
robot fish with active and compliant propulsion mechanism, with a maximum swimming
speed that reached 2.15 body length per second and instantaneous maximum turning speed
of 269◦/s. [16]. In 2020, Marche Polytechnic University designed a carangiform swimming
robot through a multiphysics simulation environment that moved from ostraciiform to
carangiform locomotion [17].

Based on the above literature, it can be seen that most recent fish robots driven by
a single joint utilize several methods to make the caudal fin swing, including direct [12]
or indirect [11,13] driving, using motors and driving via linkage mechanisms [14,15].
However, when a robot fish is driven by a motor (directly or indirectly), only the caudal
fin swings [11,13]; the fish body and caudal peduncle are rigid and remain stationary,
which is not consistent with the actual swimming postures of fish. Moreover, achieving
a high tail swing frequency is difficult in this driving mode [12,13], and it is difficult to
control the complex tail swing motions. When a linkage mechanism (such as a four-bar
linkage) is used for driving the robot fish, the nonlinear relationship between the input and
output makes it difficult to obtain the desired undulatory motion of the caudal fin; thus,
this approach requires high-level control and accurate kinetic modeling of the undulatory
motion. Therefore, this paper proposes a design method of a single-joint bionic robotic fish
based on a conjugate cam mechanism, which can realize a specific tail swing of the robotic
fish under the uniform rotation of a single motor and greatly reduces the requirements for
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the accuracy of the control system. Various swinging postures can be imitated by changing
the profile of the cam, in order to improve the precision of motion of the robotic fish.

Besides, research on bionic robot fish mainly focuses on the influences of the swing
frequency and amplitude on the propulsion efficiency and rarely on customized undulatory
motions. However, different undulatory motions can also influence the swimming per-
formance, even when the swing amplitude and frequency are identical. Therefore, in this
study, we designed a new double-cam mechanism for realizing a customizable undulatory
motion profile via a single-joint rotation of a robot fish. By modifying the cam profile,
the caudal fin could swim with different undulatory motions, and high-frequency motion
could also be obtained by increasing the motor rotation speed.

The organization of this article is as follows. In Section 2, we describe the calculation
method and process for designing the cam profile according to the pattern of motion. In
Section 3, we performed a kinetic analysis to solve for the required drive torque for the two
motion patterns. In Section 4, we describe the overall structure‘s design and fabrication.
In Section 5, we list and analyze the experimental data. In Section 6, we summarize the
previous content.

2. Mechanism Design

To obtain a desired trajectory of undulatory motion, it is very difficult to use a four-bar
linkage or its derived mechanisms, as the parameters of these mechanisms have complex
relationships with their output trajectories. In contrast, a cam mechanism is beneficial for
achieving this goal, and it is accurate and reliable. Therefore, a cam mechanism was chosen
as the transmission mechanism of the bionic robotic fish, so as to obtain a customized swing
motion of the caudal fin. Considering that the swing motion of a caudal fin is bidirectional,
a coaxial double-cam mechanism was proposed, where the cam contour was ensured to
be in contact with two rollers simultaneously; this meant that it was a conjugate cam
mechanism. A schematic of the mechanism is shown in Figure 1.
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Figure 1. Schematic diagram of the proposed double-cam mechanism.

In Figure 1, frame O-C-B-D is the follower of the proposed double-cam mechanism.
Point O is the swing center of the follower. Point A is located at the center of the mutual
shaft of both cams, and point B is fixed to the rear body near the caudal peduncle. C and D
are the centers of the rollers. Rod O-C (O-D) is the pendulum rod of the followers, and the
length is l. L is the distance from point O to point C. Figure 1 shows an intermediate status,
when B is moving from B′ to B”, where the cam pushes the roller C to rotate clockwise and
roller D keeps contacting another cam. This process is a half-cycle process.

In another half-cycle, the cam pushes roller D to drive the follower to rotate anticlock-
wise and B moves from B” to B′; the roller C continues contacting another cam. The above
motion can be implemented by designing special profiles for the double-cam. Based on this
design, the continuous rotation of the double-cam can drive the follower to swing back and
forth. The rear part of the fish robot has a corresponding swing motion with the follower.
The structural parameters of the fabricated prototype are listed in Table 1.
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Table 1. The dimension parameters of the double-cam mechanism.

Parameter Value

Center distance L/mm 20
Length of pendulum rod l/mm 18

Radius of base circle of cam Rb/mm 10
Roller radius Rr/mm 4

To study the effect of the undulatory motion of the BCF model on the swimming
performance of bionic robotic fish, two types of motion were investigated. The first was
the swing law of the caudal fin of a real fish. Through the processing and analysis of the
video of carangiform swimming motion [18], the body shape of undulatory motion can
be extracted, and the swing angle change of the fish tail in a swimming cycle is obtained.
This meant that the swing angle change of the follower in the rotation period of the cam
could be obtained. The real fish motion law was fitted and described using Equation (1). In
addition, another typical periodic motion law of the follower was proposed for comparison,
namely the cycloid motion, as expressed in Equation (2).

ϕ = a0 + a1 cos (ωθ) + b1 sin (ωθ) (1)

ϕ = ϕmax

[
θ

β
− 1

2π
sin
(

2πθ

β

)]
(2)

In the above formulas, ϕ is the swing angle of the pendulum rod. The parameters of
Equation (1) were as follows: a0 = 18.29, a1 = −18.36, b1 = −0.1931, ω = 0.01756. ϕmax
is the maximum swing angle of the pendulum rod and was set as 36◦, according to
Equation (1); θ is the cam rotation angle. To ensure that the robot fish swam in a straight
line, the back-and-forth movement trajectory needed to be consistent during the continuous
swing of the bionic fish. Therefore, the value range of θ in Equations (1) and (2) was 0~180◦.
The same motion law was used in the second half of the cycle. In addition, the value of β
(the moving angles of push travel (return travel) of the double-cam mechanism) is 180◦.
Based on the motion trajectory of the follower and structural parameters, the cam profile
was designed. The theoretical profile description of the cam, in coordinates, is given by
Equation (3). {

xC = L sin θ − l sin(ϕ + ϕ0 + θ)
yC = L cos θ − l cos(ϕ + ϕ0 + θ)

(3)

In Figure 1, ϕ0 is the initial angle of the follower, where B locates at B′ and can be
calculated using Equation (4).

ϕ0 = arccos
L2 + l2 − R2

b
2lL

(4)

The pressure angle is an important indicator influencing the performance of the force
transmission. From the theoretical profile of the cam in Equation (3), it can be seen that in
the cam rotation cycle, the relationship between the follower swing speed v and normal line
n-n of the cam profile is always in the position, which is shown in Figure 1. The pressure
angle can be expressed using Equation (5). To verify that the designed cam had good
transmission performance, we calculated its pressure angles. The pressure angles of the
cams for the two types of motion laws were calculated, and both were lower than 40◦.

α = arctan
[

cot(ϕ + ϕ0)−
l(1 + ϕ′(θ))

L sin(ϕ + ϕ0)

]
(5)
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Considering the diameter of the roller, the practical profile of the cams (in coordinates)
was calculated as follows:

xN = xN + Rr

[
−L sin θ + l(1 + ϕ′(θ)) sin(ϕ + ϕ0 + θ)

∆

]
xN = yC − Rr

[
L sin θ − l(1 + ϕ′(θ)) cos(ϕ + ϕ0 − θ)

∆

]
∆ =

√
L2 + l2(l + ϕ′(θ))2 − 2Ll(l + ϕ′(θ)) cos(ϕ + ϕ0)

(6)

According to Equation (6), two cam profiles for the two periodical motions in
Equations (1) and (2) could be obtained, as shown in Figure 2.
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Figure 2. The two cam profiles for achieving real fish motion and cycloid motion.

In Figure 2, we show the theoretical profiles of the cams that achieve the two wave
motions. The cams can rotate around the center of rotation. The robot fish is equipped with
these two cams to realize the movement of real fish and cycloid movement.

3. Kinetic Analysis

The power for driving the bionic robot fish was derived from the torque provided on
the single joint via the motor. The double-cam mechanism transmitted the torque to the
force acting on the rear part of the fish robot (point B in Figure 1); this caused the caudal fin
to oscillate from one side to another. The motion of the caudal fin propelled water, thereby
driving the movement of the fish robot. The propelling force in the forward direction of the
fish body made the fish body swim forward. A dynamic analysis was performed when
the caudal fin propelled water, as shown in Figure 3. In the subsequent experiments, we
need to compare different wave motion forms under the same oscillation frequency, which
naturally requires the same oscillation frequency variation range of the two wave motions.
Due to the different force conditions of the two motion patterns, the requirements for the
motor torque are also different. For this reason, we will perform a kinetic analysis on the
maximum input torque required under the two motion patterns.

It is very difficult to analyze and calculate the irregular surface of the fish, so that some
assumptions need to be added [19]. Here, we assume that the force acting on the skin of
the fish is equal to the projected surface of the water-facing surface during the fish’s swing,
that is, a straight line in the top view, as shown in the figure below.
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Figure 3. Force analysis of undulatory motion of fish robot: (a) caudal fin swings to both sides from
the middle position (x-axis); (b) caudal fin swing back to the middle position (x-axis) from both sides.
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There are two states in the period of fish tail swing. One is when the caudal fin swings
to both sides from the middle position (x-axis), as shown in Figure 3a. At this moment, the
caudal fin moves in a circular arc, and the swing speed of the caudal fin can be simplified as
v⊥ in the vertical direction. It can be expressed as v⊥ = ϑlp. lp is the length of the swinging
part of the caudal fin. It is assumed that the swimming speed of robot fish is U at 4 Hz
swinging frequency. Then, the speed of the fish tail in the global coordinate oxy is:

Vf =

√
(U + v⊥ sin ϑ)2 + (v⊥ cos ϑ)2 (7)

Then, the lift and resistance of the fish tail in the water can be estimated using
Equations (8) and (9), respectively.

F1 =
1
2

C1ρSv2
f (8)

Fd =
1
2

CdρSv2
f (9)

In the above, C1 and Cd is the lift coefficient and resistance coefficient. Additionally, ρ
is the density of the water. S is the soaking area of the fish tail, ignoring the deformation in
the process of movement, and was estimated according to the model. It was assumed that
Φ was the angle between Vf and U, denoted as follows:

Φ = arctan
v⊥ cos ϑ

U + v⊥ sin ϑ
(10)

Then, the angle between the lift F1 and tailstock lp was Φ = π
2 − φ− ϑ. Therefore, the

moment of the caudal fin in each quarter period of swinging from the middle position to
both sides can be calculated as:

Md = F1lp|sin Φ|+ Fdlp|cos Φ| (11)

Figure 3b shows that the caudal fin swing back to the middle position (x-axis) from
both sides. Similar to the approach above, Vf and φ were calculated as follows:

v f =

√
(U − v⊥ sin ϑ)2 + (v⊥ cos ϑ)2 (12)

φ = arctan
v⊥ cos ϑ

U − v⊥ sin ϑ
(13)

The angle between the lift F1 and tailstock lp was Φ = π
2 − φ + ϑ. The moment of the

caudal fin in each quarter-cycle of swinging back to the middle position from both sides
could be calculated using Equation (11). In this way, we obtained the resistance moment
that needed to be overcome in the entire period of the caudal fin swing. The torque was
obtained by the motor driving the follower through the cam. Equation (14) is obtained
from the law of fixed-axis rotation.

Mq + Md = Jαp (14)

Here, Mq is the torque of cam to the follower, and J is the moment of inertia of the tail;
αp is the angular acceleration of the tail. The angle between C-O and C-A, in Figure 1, is
represented as γ and expressed as follows:

γ = arcsin
L sin(ϕ + ϕ0)√

L2 + l2 − 2Ll cos(ϕ + ϕ0)
(15)



Machines 2022, 10, 190 7 of 13

According to the position relationship in Figure 1, the driving torque of the motor to
the cam can be obtained as follows:

M =
Md sin

(∣∣π
2 − γ + α

∣∣)√L2 + l2 − 2Ll cos(ϕ + ϕ0)

l cos α
(16)

After the parameter values in the equation were given, the driving torque of the motor
was drawn, as shown in Figure 4.
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As shown in Figure 4, to ensure that the robot fish reached the same swimming speed
under the two motion laws, the peak torque output of the motor under the cycloid motion
law was higher than that under the real fish law. The curves in the figure were integrated
to solve for the work done by the motor. The work under the real fish motion law was
0.1141 J, and that under the cycloid motion law was 0.1228 J. When comparing the two
motions, it can be seen that the robot fish requires less energy to reach the same speed
under the real fish law. Through the dynamic analysis of the robot fish and solution of the
motor output torque, required to reach the same swimming speed under the two laws, it
can be concluded that the performance of robot fish is better under the real fish motion law.
In addition, the swimming performance of the robot fish is affected by the motion laws.

4. Structural Design and Fabrication of the Bionic Robotic Fish

The structure of the robotic fish was designed based on the shape of the crucian carp,
as shown in Figure 5. The overall size of the robot fish was 320 × 65 × 130 mm, and it
weighed 1.1 kg. A sealing groove was designed to connect the anterior and rear parts of the
fish robot to avoid water leakage. The material of the fish head (including the head and the
anterior part of the body) was UV curable resin, which was fabricated using 3D printing
technology. A brushless DC motor (Maxon DCX 32L motor with a GPX32A reducer and
Escon Module50/5 servo controller, parameters are shown in Table 2), battery (2000 mAh),
and control system were installed in the anterior part of the fish robot. The torque output
of the motor was transmitted to the cam via a pair of bevel gears. The cam drove the
follower to swing, corresponding to its profile, and the end of the follower was pinned
on the rear part of the fish robot. The fish tail (including the rear part of the body, caudal
peduncle, and caudal fin) was made of nylon, which has good flexibility, and the tensile
modulus was 1600 mpa, while the bending modulus was 1300 mpa. The stiffness of the
caudal peduncle could be modulated by changing the sizes of the upper and lower “spines.”
The “ribs”, connected on the “spine”, could support the fish skin. A lithium battery was
used for the power supply, and the power supply voltage was 24 V. To make the system
compact and simple, an Arduino Nano board, based on ATmega328, was selected as the
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low controller, where Bluetooth and wireless communication modules were embedded.
Based on receiving signals from a high controller, a pulse width modulation signal was
used to control the rotation of the motor at the desired frequency. There was a hole in the
lower part of the fish head, leading to a wire that acted as a switch. When the fish was in
water, the circuit was connected; when it left the water, the circuit was cut off.

Table 2. Parameters of the DCX 32L motor.

Parameter Value

Norminal voltage U/V 24
Normial speed n/rpm 453
Normial torque T/NM

Normial current I/AReduction ratio
0.57

2.875/3:1
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5. Experimental Test and Results

To verify the performance of the proposed fish robot, experiments were conducted
on the fish robot’s swimming with two types of double-cam mechanisms. The swimming
speed of the robotic fish was also investigated at different frequencies of the caudal fin
swing and under different motion trajectories. The experimental platform comprised of
the developed robotic fish prototype, a pool, and a camera. The size of the pool was
3.6 × 2 × 1 m. The camera was suspended above the swimming path of the robot fish. In
addition, there were coordinate grids in the pool. The time interval and moving distance of
the robot fish were extracted from the video of the stable swimming state (set the frequency
and amplitude of fish tail swing to be constant, when the fish swimming speed does not
change significantly after a period of time) of the robotic fish, and the swimming speed of
the fish was calculated.

Figure 6 shows a series of photos, derived from a video, in which the robotic fish
swims in one cycle during stable swimming. The frequency of the tail fin swing is 4 Hz,
and T represents the swing period. From the experimental results, it can be seen that the
robotic fish can achieve stable swimming, and that the swimming posture is similar to that
of real fish, such as the fish in the video above [18].
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Figure 6. Sequence photos of robotic fish swimming.

5.1. Influence of Motion Law on Swimming Speed

The swimming performance is influenced by the undulatory motion of the caudal fin,
which can be modulated by the cam design. Meanwhile, the frequency of the undulatory
motion is also a key factor in the swimming performance. In the experiments, we measured
the variation in the swimming speed with the caudal fin swing frequency when the robot
fish reached stable swimming in two motions. Figure 7 shows the velocity curves under
two types of caudal peduncle stiffness; “BL” in the figure denotes the body length of the
robotic fish.
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(c) St number of 1.5 mm-thick caudal peduncle. (d) St number of 2 mm-thick caudal peduncle.

It can be seen in Figure 7 that there are differences in the swimming speeds of the
robotic fish under different motions. In the two groups of experimental data, the swimming
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effect of the robot fish under the real fish motion law is better than that under the cycloid
motion law. This is consistent with the kinetic analysis results. In the most evident group of
data, the results show that the swimming speed of the robot fish can reach 1.2 BL/s under
the real fish motion law at the frequency of 4 Hz. However, at the same frequency, the robot
fish only can reach 0.8 BL/s under the cycloid motion law. The swimming performance of
the real fish motion is approximately 50% better than that of the cycloid motion. In addition,
the Strouhal number can well-reflect the swimming efficiency of the robotic fish [20,21]. The
results show that the Strouhal number of the robot fish under the real fish motion is lower
than under the cycloid motion law, which indicates that the robotic fish is more efficient
under the real fish motion. The experimental results show that, for a single-joint-driven
robot fish with the same swing amplitude, even if the swing frequency is the same, different
caudal fin motions will lead to different swimming performances.

5.2. Influence of Motion Law on Acceleration Performance

Through the above dynamic analysis, it can be seen that the ability of the robot fish
to push water differs under different undulatory motions. Therefore, the influence of
the motion law on swimming performance can be determined based on the resultant
acceleration ability of the robot fish. In the experiment, we measured the acceleration
process of the robot fish before reaching stable swimming under the two types of motion
laws and different tail swing frequencies, as shown in Figure 8.
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In the case of a high frequency of tail swing, the speed of the robot fish is high, duration
of the acceleration process is short, and error of the measured data is large. If the frequency
of the tail swing is too low, the acceleration process is relatively close, under the two types
of motion laws, and the data gap is small. Therefore, the acceleration processes of the robot
fish with tail swing frequencies of 3, 2.5, and 2 Hz, as well as the two motion laws, are
selected for measurement. At all frequencies, the robot fish accelerates within 10 s and
reaches a stable swimming stage. Figure 8a shows the acceleration change curve of the
robot fish during the process of swimming. As can be seen from the figure, for robot fish
with the same motion law, the acceleration at a high frequency is higher than that at low
frequency during a period of time at the beginning of acceleration. This shows that with
the increase in tail swing frequency, the stronger the acceleration ability of the robot fish,
and the shorter the time to reach the steady speed. Under the same tail swing frequency,
the acceleration ability of the robot fish is different under different undulatory motions.
The acceleration ability of the robot fish under the real fish motion is better than that under
the cycloid motion. As shown in Figure 8b, the time at which the robot fish reaches a stable
swimming speed can be obtained. The speed of the robotic fish fluctuates slightly after
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reaching stable swimming, and the fitting curve always shows an upward trend. Therefore,
90% of the maximum speed of the robot fish is selected as the stable speed for comparing the
arrival times. Under the real fish undulatory motion, the time to reach the stable swimming
speed at frequencies of 3, 2.5, and 2 Hz are 2.5, 3.5, and 5.9 s, respectively. Under the
cycloid motion, the time to reach the stable swimming speed at 3, 2.5, and 2 Hz tail swing
frequencies are 3.0, 4.4, and 6.1 s, respectively. The acceleration ability showing the largest
difference between the two motion laws shows that the real fish motion is approximately
20% higher than that of the cycloid motion. The experimental results again prove that, for a
bionic robotic fish with the same amplitude of swing, different caudal fin motions will lead
to different swimming performances, even at the same frequency of tail swing.

5.3. Influence of Caudal Peduncle Stiffness on Swimming Speed

We also explore the influence of the caudal peduncle stiffness on swimming speed,
because we found that it has an inevitable influence on the swimming performances of
fish robots. The thickness of the “spine” on the caudal peduncle was altered to change
the stiffness of the caudal peduncle. The fish tails had thicknesses of 1, 1.5, and 2 mm,
respectively. The swimming speeds of the two types of motions, with different stiffness
values for the caudal peduncle, are shown in Figure 9.
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It can be seen from Figure 9 that, under a low frequency, the robot fish with a low
caudal peduncle stiffness has the best swimming performance and higher swimming speed.
When the tail swinging frequency is in the range of 1 to 1.5 Hz, the swimming speed of the
robot fish with a 1 mm caudal peduncle thickness reaches the peak value at approximately
0.3 BL/s, which is much higher than the values for the other two types of caudal peduncle
thickness. However, with the increase in the tail swinging frequency, the swimming speed
gradually decreases. After 3 Hz, the speed is 0, and the robotic fish can hardly swim. With
the increase in the tail swinging frequency, the robot fish with a larger caudal peduncle
stiffness shows a better swimming performance. When the tail swinging frequency is 4 Hz,
the swimming speeds of the robot fish with 1.5 and 2 mm caudal peduncle thicknesses are
much higher than that of the robot fish with a 1 mm caudal peduncle thickness. However,
the swimming speeds of the robot fish with 1.5 and 2 mm caudal peduncle thicknesses are
similar. This is because the highest swinging frequency is not high enough to distinguish
the swimming speeds of the robot fish with the 1.5 and 2 mm caudal peduncle thickness.
Overall, the effect of caudal peduncle stiffness on the swimming speed of robot fish is
related to the swinging frequency. The speed of a robot fish with a low caudal peduncle
stiffness is higher under a low swinging frequency, and the speed of a robot fish with a
high caudal peduncle stiffness is higher under a high tail swinging frequency.
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6. Conclusions

In this study, a novel double-cam fish robot was developed based on one active joint,
where its caudal fin was driven by a newly proposed double-cam mechanism. Since
the change of the cam profile can output a specific motion form, under the condition
that the motor rotates at a constant speed and does not rotate in the same direction, this
mechanism can help researchers modulate the undulatory motion of the caudal fin, so
that the desired swimming performance can be obtained accurately. A dynamic analysis
of the mechanism was conducted, and the results showed that different tail swinging
motions affected the swimming effect of the robot fish. To verify the efficiency of the
proposed mechanism, a prototype of a fish robot with two cams was developed; it was able
to implement two motions, i.e., cycloid and real fish motion. By changing the thickness
of the caudal peduncle in the robot fish, the stiffness of the structure was changed. The
experiments were conducted using a fish robot with the two above-mentioned motions.
The results show that the swimming speed of the robot fish is different for each undulatory
motion. Under the current motor selection, the designed robot fish can achieve a tail swing
frequency of 4 Hz and swimming speed of 0.38 m/s (1.2 BL/s). Regardless of the caudal
peduncle stiffness, the swimming speed of the robot fish is faster when it reproduces the
real fish motion of the caudal fin under the same frequency and amplitude of tail swing,
and the maximum swimming speed can reach 1.2 BL/s. The robot fish with cycloid motion
only reaches 0.8 BL/s. The maximum influence of the undulatory motion on the swimming
performance reaches 50%. We discussed the influence of the undulatory motion on the
acceleration ability of the robot fish. At frequencies of 3, 2.5, and 2 Hz, the acceleration
ability of the robot fish is stronger when it reproduces the real fish motion of the caudal fin.
In the early stage of swimming, the acceleration of the robot fish is higher at all frequencies
when it reproduces the real fish motion of the caudal fin. Under the real fish motion,
the times required for the robot fish to reach steady swimming are 2.5, 3.5, and 5.9 s at
frequencies of 3, 2.5, and 2 Hz, respectively. Under the cycloid motion, the times are 3.0,
4.4, and 6.1 s, respectively. Compared the two types of motions, the acceleration time of
the real fish motion is over 20% shorter than that of the cycloid motion at 2.5 Hz. The
experimental results show that the performance of robot fish is better when it reproduces
the real fish motion of the caudal fin, which is consistent with the kinetic analysis results.
Furthermore, the swimming performance is also influenced by the stiffness of the caudal
peduncle, which is related to the undulatory frequency of the caudal fin. The speed of a
robot fish with a low caudal peduncle stiffness is higher under a low swinging frequency,
and the speed of a robot fish with a high caudal peduncle stiffness is higher under a high
tail swinging frequency.

In the future, fish robots will be tested in natural waters, such as the sea. Moreover,
additional sensors will be embedded in this fish robot to explore the real environment of
the sea.
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