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Abstract 
This paper presents a study on bioinspired closed-loop Central Pattern Generator (CPG) based control of a robot fish for obstacle 

avoidance and direction tracking. The biomimetic robot fish is made of a rigid head with a pair of pectoral fins, a wire-driven active body 
covered with soft skin, and a compliant tail. The CPG model consists of four input parameters: the flapping amplitude, the flapping angular 
velocity, the flapping offset, and the time ratio between the beat phase and the restore phase in flapping. The robot fish is equipped with 
three infrared sensors mounted on the left, front and right of the robot fish, as well as an inertial measurement unit, from which the sur-
rounding obstacles and moving direction can be sensed. Based on these sensor signals, the closed-loop CPG-based control can drive the 
robot fish to avoid obstacles and to track designated directions. Four sets of experiments are presented, including avoiding a static obstacle, 
avoiding a moving obstacle, tracking a designated direction and tracking a designated direction with an obstacle in the path. The expe-
riment results indicated that the presented control strategy worked well and the robot fish can accomplish the obstacle avoidance and 
direction tracking effectively. 
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1  Introduction 

Over millions of years of evolution, fishes have 
possessed excellent swimming capabilities, such as 
highly efficient propulsion, high swimming speeds, and 
etc., which have inspired engineers and scientists around 
the world to develop biomimetic robot fish. In 1994, 
researchers in MIT designed the first fish-like robot, 
called Robo Tuna[1]. Since then, many different robot 
fishes have been designed and built[2–5]. In general, the 
propulsion modes of fish and other aquatic animals can 
be categorized into two types: Body and Caudal Fin 
(BCF) propulsion and Medium and Paired Fin (MPF) 
propulsion[6]. Although each propulsion type has its 
merits, most existing robot fishes employ BCF propul-
sion[7]. From the structure point of view, existing robot 
fish designs can be categorized into four types: single 
joint design, multi-joint design, smart material-based 
design, and wire-driven design[8]. The single joint design 

uses one motor[9,10] and hence, may require additional 
structure to mimic fish swim and increase the propulsion 
efficiency. The multi-joint design can mimic fish flap-
ping motion effectively, such as the dolphin robot from 
Yu et al.[11], and autonomous multi-joint robot fish G9[12], 
but the increase in the number of joints increases the 
complexity of synchronization control. Various smart 
materials, such as ionic polymer-metal composites[13] 
and shape memory alloys[14] have been used for devel-
oping robot fishes. With suitable control, these materials 
can generate flapping motions, albeit low efficiency. 
Unlike other methods, the one with wire-driven design is 
better at mimicking fish flapping motions with fewer 
driving actuators and has been proved of high efficiency 
and easy implementation[15]. 

It is noted that in the early stage of robot fish re-
search, the focuses were mainly on the modeling and 
prototyping. Robot fish control was typically done by 
human operator through a joystick. The next stage of 



 
Journal of Bionic Engineering (2021) Vol.18 No.1 

 

172 

robot fish research requires the robot being able to 
perceive its surrounding environment and adapt it ac-
cordingly. In this case, closed-loop control is essential. 
According to literatures, there have been some studies 
on robot fish closed-loop control. For example, Shin et 
al. developed a robot fish that used a fuzzy neural net-
work for obstacle recognition[16]. Shin et al. used fuzzy 
systems to generate an obstacle avoidance path[17]. Deng 
et al. designed a simple 3D-printed robot fish that can 
detect obstacles and move away adaptively using neu-
ro-fuzzy control[18]. Verma et al. used an adaptive con-
trol approach for robot fish closed-loop orientation 
control[19]. However, these robot fish just avoided a 
simple static obstacle with a stiff flapping. 

Central Pattern Generator (CPG) is the natural way 
for animal to generate rhythmic motion control signals 
and has been used to control biomimetic robots[20,21]. 
The combination of closed-loop and CPG on the robot 
fish is a novel way for improving the propulsion effi-
ciency and maneuverability. For example, Yu et al. de-
veloped a CPG-based multi-joint robot fish with visual 
feedback control for avoiding obstacles and searching 
for tasks[22]. Korkmaz et al. tried to combine CPG, fuzzy 
logic and sensory feedback to control a robot fish with 
two links and conducted yaw and pitch control experi-
ments[23]. Wang and Xie advanced a closed-loop CPG 
controller for yaw and roll control of a boxfish-like ro-
bot[24]. Zhang et al. combined the advantages of insect 
wings and fish fins to achieve an agile robotic fish and 
designed a CPG model for an obstacle avoiding[25]. 
Among these robot fish, the active bodies are sin-
gle-joint or multi-joint designs, which may increase 
control difficulties. However, there have been few stu-
dies of closed-loop CPG control on robot fish with a 
wire-driven active body. In addition, a systematic design 
of closed-loop CPG-based control for static and moving 
obstacles avoidance and direction tracking is still miss-
ing. 

Our team has been working on robot fish for many 
years[15]. In 2016, Zhong et al. designed a wire-driven 
robot fish with an active body and a compliant tail, 
which can mimic the natural flapping movement of fish 
effectively[26,27]. In 2019, Xie et al. developed a simple 
CPG controller with just four parameters, namely the 
flapping amplitude, the flapping angular velocity, the 

flapping offset, and the time ratio between the beat phase 
and the restore phase. This CPG controller is not only 
simple but also effective in controlling both cruising and 
turning[28,29]. 

The objective of this paper is to develop a 
closed-loop CPG-based control for obstacle avoidance 
and direction tracking. The rest of the paper is organized 
as follows. Section 2 presents the design of the robot fish. 
Section 3 presents the closed-loop CPG-based control 
system. Section 4 presents the experimental results. 
Finally, section 5 contains conclusions and future re-
search topics. 

2  The design of the robot fish 

2.1  Mechanical design 
We design a biomimetic wire-driven robot fish that 

is similar in size and mimics the behavior of real fish. 
The structure of the robot fish and its major components 
are depicted in Fig. 1. The robot fish comprises three 
parts, namely a rigid head, a wire-driven active body, 
and a compliant tail. It is 473 mm long, 233 mm wide, 
and 127 mm high. The rigid head is used to install elec-
tronic components, such as circuit board, battery and 
sensors. The redesigned robot fish is completely water-
proof for ensuring the effective protection of electronic 
components. The robot fish has infrared (IR) sensors. 
However, IR rays cannot pass through opaque objects. 
To resolve this problem, transparent photosensitive resin 
materials is used as the 3D printed material for the head 
shell; and the inner and outer surfaces of the shell are 
polished to improve transparency. The sealing rings and 
bearings are mounted to the shaft, which is passed 
through the shell to ensure water is kept out when the 
shaft is rotating. A pair of pectoral fins attached to the 
shaft control the ascent and descent of the robot fish. On 
the top of the robot fish, an opening blocked up by a 
rubber plug is reserved for charging the battery and 
downloading the program. The active body has four 
links in which two spring plates are embedded. The 
active body is covered with a soft watertight skin to 
prevent water from entering the robot fish body. The 
compliant tail is fixed onto the last link. 

The design and kinematic analysis of the 
wire-driven active body and the compliant tail are de-
tailed in Ref. [26]. As depicted in Fig. 2, a  pair  of wires  
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Fig. 1 Our robot fish overview. (a) The overall appearance; (b) 
disassembly diagram of the robot fish structure without showing 
the pair of wires; (c) the prototype. 

 

 
Fig. 2 Wire-driven active body and compliant tail overview with 
three states: midline, rightmost, and leftmost positions. 
 
are passed through the interior of the head and the first 
three links and are fastened at the last link. The other end 

of the wires is mounted on the reel. When the reel driven 
by the servomotor rotates counter clockwise, the right 
wire is pulled, whereas the other is elongated, which 
drives the active body into an arc. The compliant tail 
deforms because of water resistance. The rotation angle 
of servomotor (α) corresponding to the bending angle of 
the active body (Φ) is depicted in Fig. 2.The relationship 
between the angles, α and Φ is expressed as: 

1 π
2 sin ,

180

r
N

Nd
Φ

                        (1) 

where N is the number of the links, r is the radius of the 
reel, and d is the distance between two wires. 

In our design, N is 4, r is 34 mm, and d is 36 mm. 
The term inside the arcsine function of Eq. (1) is small; 
thus, Eq. (1) can be simplified as: 

2
.

r
Φ

d
                                 (2) 

 
2.2  Electronics 

The electronic devices used in the robot fish are 
depicted in Fig. 1b. They mainly include the control 
system, power source, wireless transmission module, 
servomotors, and sensors. Using a 7.4 V 1500 mAH 
Ni−H battery as the power supply, it supports the robot 
for nearly 2 h of nonstop cruising according to our test. 
The STM32F103 microcontroller processes data and 
produces instructions. The Radio Frequency (RF) wire-
less module, E62-433T20D, is adopted for communica-
tion between the robot fish and the computer or joystick. 
The HS-5086WP servomotor drives the pectoral fin, 
whereas the SAVOX SW-1210SG servomotor drives the 
active body. A MPU6050 Inertial Measurement Unit 
(IMU) is used to obtain the robot fish’s pitch and yaw 
angles. 

Three GP2Y0A21 IR sensors are placed in the front, 
left, and right of the head base. Its range in air is 100 mm 
– 800 mm. However, the IR ray propagation medium in 
the robot is different from that in air because of the in-
fluence of water and the semitransparent head shell. 
Therefore, we tested the voltage output characteristic of 
the IR sensor in water before conducting formal expe-
riments. As depicted in Fig. 1b, the left and right IR 
sensors are bilaterally symmetrical; thus, measurement 
of only one sensor’s output characteristic is required. For 
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example, for the front and left IR sensors, as depicted in 
Fig. 3, two sets of data are tested with a certain gradient. 
The blue and red lines denote the front and left IR sen-
sors’ output characteristics, respectively. The results 
indicate that: (1) The sensors’ recognition distance range 
in water is approximately 100 mm – 600 mm, which is 
suitable for obstacle avoidance. (2) The output charac-
teristics of the front and left IR sensors are disparate. The 
main reasons may be the different distances between the 
sensors and the head shell, and the different arcs of the 
shell facing the sensors. These characteristics render the 
IR ray propagation path diverse. 

3  Closed-loop CPG-based control structure 
design 

3.1  CPG control 

It is well known that fish swims with a rhythmic 
locomotion. Such a rhythmic movement can be repro-
duced using a CPG[21]. By observing and analyzing the 
motion of a black carp, our team proposed an improved 
CPG model for wire-driven robot fish to realize flexible 
fish-like locomotion[28]. The improved CPG model is 
based on Ijspeert’s CPG model, which has been suc-
cessfully applied to a salamander robot to generate 
rhythmic motion[30,31]. The equations of the improved 
CPG model used in this paper is as: 

(0.25 ( ) ),b bb k k B b b                          (3) 

(0.25 ( ) ),m mm k k M m m                     (4) 
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                              (8) 

where b is the offset state, B is the high-level control 
command of offset, kb is a positive constant representing 
how fast b converges to B; m is the amplitude state, M is 
the high-level control command of amplitude, km is a 
positive constant representing how fast m converges to 
M; ϕ is the phase state; R is the time ratio between two 

phases forming one turning period, restore phase (tr), 
and beat phase (tb); ω is the high-level control command 
of angular velocity; α is the rotation angle of the ser-
vomotor; and β is an intermediate variable. Among these, 
M, ω, B, and R are the four input parameters of this 
model, and α is the only output parameter for controlling 
the flapping patterns of the active body. 

Through changing the input parameters, the robot 
fish can cruise or turn with varied accelerations, veloci-
ties, and turning radiuses. For example, the robot fish 
cruises when M ≠ 0, ω ≠ 0, B = 0, and R = 1, whereas it 
turns when M ≠ 0, ω ≠ 0, B ≠ 0, and R > 1. 

 
3.2  Closed-loop CPG-based control 

In this section, we presented a closed-loop 
CPG-based control system for the wire-driven robot fish, 
as depicted in Fig. 4, to achieve obstacle avoidance, 
direction tracking, and autonomous control of the pec-
toral fin. 

 
3.2.1  Closed-loop control for obstacle avoidance 

The robot fish should avoid obstacles automatically 
under unknown circumstances to improve locomotion 
ability. In Fig. 3, the output voltage of the IR sensors is a 
continuous signal. We set up a voltage threshold to 
convert the continuous signal to a digital signal. When 
the output voltage is lower than the threshold, the ob-
stacle is sufficiently far from the robot, and the obstacle 
signal is set as 0. Conversely, when the obstacle is close 
to the robot, the signal is set as 1. In addition, due  to  the 
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Fig. 3 The voltage output characteristics of the IR sensors in 
water. 
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Fig. 4 The closed-loop control structure of the robot fish. 

 
inertia of the robot fish while swimming, the recognition 
distance of the front IR sensor should be greater than that 
of the lateral sides for reserving sufficient distance and 
avoiding collisions. Based on these analyses, we set the 
voltage thresholds of the front and lateral IR sensors as  
1 V and 1.5 V respectively, and the corresponding rec-
ognition distances are 450 mm and 250 mm respectively, 
as indicated by the dotted lines in Fig. 3. 

The obstacle avoidance control design is based on 
the sensory feedback data and CPG model. We propose 
an obstacle avoidance rule (Table 1) for enabling auto-
matic swimming of the robot fish. Here, FIR, LIR, and RIR 
represent the obstacle signals on the front, left, and right 
sides, respectively, of the robot. The obstacle situations 
can be categorized into eight types, and we establish 
corresponding responses for each situation. For instance, 
when FIR, LIR, and RIR are both set as 0, the robot fish 
cruises forward. Note that in situation 7, the obstacles 
are detected in three directions. Normally, this rarely 
happens in an open area of water, so we just choose to 
turn right. 

As depicted in Fig. 4, the input signal of the first 
closed loop is the voltage threshold of three IR sensors, 
and the feedback signal is the output voltage of IR sen-
sors, which contains obstacle information. The CPG 
input parameters, M, ω, B, and R, are updated in 
real-time by inputting the aforementioned two signals 
into the obstacle avoidance rule. Subsequently, the rota-
tion angle of the servomotor (α) is changed based on the 
output of the CPG model, which enables the robot fish to 
execute different flapping patterns. 

Table 1  Robot fish obstacle avoidance rule 

Situations FIR LIR RIR Response (M, ω, B, R) 

0 0 0 0 Cruise (20, 3π, 0, 1) 

1 0 0 1 Turn left (30, 4π, −30, 1.5)

2 0 1 0 Turn right (30, 4π, 30, 1.5)

3 1 0 0 Turn left (30, 4π, −30, 1.5)

4 0 1 1 Cruise (20, 3π, 0, 1) 

5 1 0 1 Turn left (30, 4π, −30, 1.5)

6 1 1 0 Turn right (30, 4π, 30, 1.5)

7 1 1 1 Turn right (30, 4π, 30, 1.5)

 
3.2.2  Closed-loop control for direction tracking 

In our design, an IMU is fit parallel to the robot fish 
on the circuit board for obtaining yaw and pitch angles, 
which contributes to direction tracking and the control of 
pectoral fin. In Fig. 4, the input signal of the second 
closed loop is the target yaw angle (θ), which is the 
forward orientation of the robot fish as it cruises steadily. 
The angle reference coordinate system (0˚) is the direc-
tion of the robot fish’s head when the robot is energized, 
and the counterclockwise direction is positive. The 
feedback signal is the yaw angle (θ(t)), that is the 
swimming direction of the robot fish. However, the 
real-time yaw angle sampled from the IMU is the direc-
tion of the head, and the head is constantly swinging 
along with the approximate sinusoidal oscillation of the 
active body; thus, it is difficult to determine which 
real-time yaw angle is the swimming direction of the 
robot fish. To address this problem, we set the CPG 
parameters M, ω, and R to be 20, 2π, and 1, respectively, 
which ensures that the robot fish’s swing is a real sine 
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curve. Then, the yaw angle of the robot fish (θ(t)) is 
obtained by calculating the angles sampled from the 
IMU at the same time interval and calculating the mean 
value in a flapping period as: 

1

1
( ) ( ),

i

N

it t
N

 
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                                    (9) 

2π
,N f


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where f is the sampling frequency of the IMU, and its 
value is 100 Hz, N is the total number of data sampling 
in one flapping period, and θi(t) (i = 1, 2, …, N) is the 
yaw angle of the ith sampling at the same time interval. 

The deviation signal (e(t)), which is the input of 
PID controller I, is calculated as: 

( ) ( ).e t t                                  (11) 

Through PID controller I, B(t), one of the CPG 
model input parameters, is obtained using the following 
expression: 
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where B(t) is the offset of the CPG model, which is the 
only altered parameter when the robot fish tracks a 
designated direction. Here, Kp, Ki, and Kd denote the 
proportional, integral and differential coefficients, re-
spectively, of the PID controller I. Before conducting the 
experiments, we performed tests to observe the swim-
ming performance of the robot under different PID pa-
rameters. According to the analysis of results, we 
adopted proportion and differential control to improve 
the performance of the robot fish, and Kp, Ki, and Kd are 
set to 0.7, 0, and 0.05, respectively. Due to the limitation 
of the flapping amplitude of the active body, the range of 
B(t) is limited to [−40, 40]. The B(t) value is adjusted in 
real time to reduce deviation e(t) by changing the rota-
tion angle of the servomotor. Therefore, the robot fish 
continually adjusts its own course and swims steadily at 
the target yaw angle. 

The third closed loop is pectoral fin control (Fig. 4), 
keeping the robot fish from pitching up and down while 

it is cruising. The input signal is the target pitch angle (γ), 
and the feedback signal is the real-time pitch angle (γ(t)). 
Through a comparison of these two signals, the devia-
tion signal (c(t)) is calculated as: 

( ) ( ).c t t                          (14) 

Then, the deviation signal is transmitted to PID 
controller II, which is similar to PID controller I, and the 
output signal (ψ) is the rotation angle of the servomotor 
that controls the pectoral fin: 
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t
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where Kp', Ki', and Kd' are the proportional, integral and 
differential coefficients, respectively, of the PID con-
troller II. After testing, we set Kp', Ki', and Kd' to be 1, 0, 0, 
respectively, which is suitable for our robot fish. This 
closed-loop structure functions when the target pitch 
angle is set as 0˚ until the ascent or descent command is 
provided. The robot fish body can be stable at the same 
level through the pectoral fin rotating opposite to the 
pitch angle of the robot. 

It shall be mentioned that while the presented con-
trol strategy is derived for the robot fish that has a 
wire-driven active body and a complaint tail, it is also 
applicable to other robot fish, such as a multi-joint robot 
fish. In this case, the kinetic model will be different 
while the sensing can be the same. Because of the 
change of kinetics, the CPG connected to the controller I 
will be different. 

4  Experiments 

Several experiments are conducted to investigate 
the closed-loop CPG-based control design on an expe-
rimental platform. For satisfying various experimental 
requirements, two pools are used: one is a 3000 mm (L) 
× 2000 mm (W) × 660 mm (H) rectangular pool and the 
other is a circular pool with a diameter and height of 
3050 mm and 760 mm, respectively. A camera is in-
stalled above the pool to shoot the robot fish. The 
communication between PC and the robot occurs 
through the RF wireless module, and the user interface is 
programmed using LabVIEW. 

 
4.1  Obstacle avoidance 

Obstacle avoidance experiment is conducted using 
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the aforementioned closed-loop CPG control. The ex-
perimental parameters are as follows. The CPG model 
parameters M, ω, B, and R are 20, 3π, 0, and 1, respec-
tively, when the robot cruises straight, whereas the pa-
rameters M, ω, B, and R are 30, 4π, ± 30, and 1.5, re-
spectively, when the robot makes a turn, as depicted in 
Table 1. The voltage thresholds of the front, left, and 
right IR sensors are 1 V, 1.5 V, and 1.5 V, respectively, as 
discussed in section 3. 

The experiment includes two parts: simulation and 
physics. The IR sensor sampling frequency is 100 Hz, 
which is adequate for updating obstacle information. 
However, it also means that the obstacle can be detected 
when the active body flaps to any position within a 
flapping period. Then, the robot fish starts to react ac-
cording to the changed CPG parameters. The response 
varies depending on where the active body bends to. For 
instance, the front IR sensor detects an obstacle when the 
body bends to the rightmost position, leftmost position, 
or somewhere between them, then the robot fish starts 
turning left from these states, resulting in the imparities 
of initial responses. Fig. 5 depicts the simulation result 
of the initial responses at three special states. At first, the 
robot fish cruises forward, and the flapping of the active 
body is symmetrical. An obstacle signal of the front IR 
sensor is received when the active body bends to the 
midline position, rightmost position, and leftmost posi-
tion, then the CPG parameters M, ω, B, and R change 
from 20, 3π, 0, and 1 to 30, 4π, −30, and 1.5, respectively. 
The rightmost position, midline position, and leftmost 
position are depicted in Fig. 2. At the initial response, the 
active body flaps following the trend of the previous 
moment and then moves to the next pattern gradually 
instead of switching to the next pattern immediately. 
These different responses help the robot fish avoid ob-
stacles more effectively. 

Fig. 6 presents images of an obstacle avoidance 
experiment. The white rubber plug on the top of the 
robot fish is used as a marker to depict the swimming 
track. Initially, the robot fish cruises from the top left 
corner of the pool, with several obstacles placed in the 
pool. At 1.51 s, the robot fish swims close to the blue 
obstacle on its left until the left IR sensor detects the 
obstacle. Then, the robot fish changes the CPG para-
meters to turn slightly to the right until it swims away 

from the obstacle. After a very short time, the robot fish 
detects the front wall, and starts to turn left. The fourth 
figure illustrates that there is none of collision between 
the robot fish and wall at 3 s. From 1.51 s to 2.21 s, the 
robot fish successfully detects and avoids obstacles 
twice within a second, which certifies that the robot fish 
responds fast enough. After avoiding the wall, the robot 
fish continues to cruise forward. At 7.18 s, it again de-
tects a white obstacle in front, and begins to turn left. 
The sixth figure shows even more clearly that there is 
still some space between the robot and the obstacle. 
Similarly, the robot detects the green obstacle at 9.15 s, 
and successfully avoids it at 10.31 s. At 12.31 s, the 
robot fish completes one lap. In this experiment, the 
closed-loop control of static obstacle avoidance is veri-
fied to be effective. 
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Fig. 5  The initial response of the robot fish when the obstacle is 
detected by the front IR sensor at different flapping states: midline 
position, rightmost position, and leftmost position. 
 

 
Fig. 6  Images of the obstacle avoidance experiment. 
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4.2  Moving obstacle avoidance 
In nature, fish often encounter moving obstacles 

such as other swimming fish. However, they usually do 
not bump into each other. Our robot fish can do the same. 
In this experiment, two wire-driven robot fish are placed 
in a circular pool, as depicted in Fig. 7. The marker for 
painting the swimming track is also the white rubber 
plug. The red line shows the track of fish I, while the 
blue line displays fish II. At first, fish I cruises towards 
the upper right of the pool, whereas fish II cruises to the 
right of the pool, and they keep getting closer. At 1.45 s, 
according to the feedback signal of the front IR sensor, 
fish I detects that fish II is passing in front, and then 
turns left to avoid collision with it. Almost at the same 
time, fish II detects the pool wall in front and starts to 
turn left. The third figure shows that, at 2.14 s, both of 
them are in the state of turning. After swimming for a 
while, two fish get closer again. This time fish I cruises 
towards the upper left of the pool, whereas fish II cruises 
to the left of the pool. Fish I detects fish II and starts to 
turn left at 5.74 s. At 6.50 s, fish I and fish II are parallel 
to each other. Although the distance between them is 
minimized, there is still no collision here. The right IR 
sensor of fish I detects the fish II, while the left IR sensor 
of fish II detects the fish I. Then, fish I turns left; rather, 
fish II turns right. They keep away from each other and 
continue to swim freely in the pool without any collision. 
In this experiment, the obstacle is not only the static pool 
wall, but also the swimming fish. This increases the 
difficulty of avoiding obstacles, but the result shows that 
the robot fish can successfully avoid the moving ob-
stacle, which further verifies the closed-loop CPG-based 
control of obstacle avoidance to be effective. 

 
4.3  Direction tracking 

In this experiment, the robot fish is controlled to 
track a designated direction. The direction is determined 
by two directional parameters: the yaw and the pitch 
angles. The former is achieved through controlling the 
flapping of the robot fish while the latter is achieved 
through controlling the pectoral fin. According to the 
analysis of the closed-loop control in section 3, the robot 
fish can stabilize at the target yaw angle by reducing the 
deviation between the yaw angle and the target yaw 
angle. We set three groups of experiments, including 

three target yaw angles, namely 30˚, 60˚, and 90˚, and 
each group experiment is repeated three times. Before 
the robot fish starts swimming, some parameters are set 
to be constant as follows. Three of the CPG parameters 
M, ω, and R are set to be 20, 2π, and 1, respectively. The 
coefficients of the PID controller I and II, Kp, Ki, and Kd, 
are set as 0.7, 0, and 0.05, respectively, and Kp’, Ki’, and 
Kd’ are set to be 1, 0, and 0, respectively, based on the 
analysis in section 3. 

Fig. 8 shows the direction tracking experiment at 
three different target yaw angles. The swimming tracks 
are depicted by using the white rubber plug as a marker. 
Initially, the robot fish starts at the corner of the rec-
tangular pool, parallel to the pool wall. After setting the 
target yaw angle, it begins to cruise and adjust its 
swimming orientation toward the target direction. A 
comparison of the track and the reference angle at the 
bottom right corner of the figure reveals that the swim-
ming direction of the robot is close to the reference angle 
when it reaches a stable swimming state. The real-time 
yaw angle of the robot fish and the rotation angle of the 
servomotor driving the active body, which are sent back 
from the robot fish, are depicted in Figs. 9 and 10, 
respectively.  The  blue,  red,  and  yellow  lines,  whose 

 

 
Fig. 7  Moving obstacle avoidance experiment. The robot in front 
is the obstacle, and the two robot fishes are obstacles to each other 
based on the relative position. 
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Fig. 8  Direction tracking at different target yaw angles. (a) 30˚; (b) 
60˚; (c) 90˚. 

 
initial angles are 0˚, are the target yaw angles of 30˚, 60˚, 
and 90˚, respectively. The following observations can be 
made from these two figures: 

(1) In Fig. 9, the blue line first reaches 30˚ at 2 s 
approximately. However, by comparing the blue line in 
Fig. 10, the rotation angle of the servomotor is still 
negative at 2 s, which indicates that the robot is turning 
left. At this moment, the robot head reaches the target 
yaw angle, whereas the active body is flapping on the 
left side of the midline position. Then, the absolute value 
of B(t) gradually decreases, causing the yaw angle to 
deviate slightly by 30˚. The robot fish adjusts its direc-
tion toward 30˚ again. The aforementioned process is 
repeated at several periods until the yaw angle stabilizes 
at 30˚. Therefore, some deviations occur from 30˚ in the 
first few periods after it first reaches 30˚, but the robot 
can adjust back and stabilize at 30˚ when B(t) is stable at 
approximately 0˚. Similarly, the red and yellow lines 
first reach 60˚ and 90˚ at approximately 4.5 s and 6 s, 
respectively (Fig. 9), and some deviations occur in the 
first few periods. Then, both the lines gradually stabilize 
at the target yaw angle. 

(2) The trend of three lines in Fig. 10 reveals that 
the absolute value of B(t) reaches its maximum at first 
and then decreases gradually. The trend corresponds to 
the deviation signal of the closed-loop CPG control, 
which verifies the feasibility of the closed loop. More-
over, the offset values of 60˚ and 90˚ are not considera-

bly different in the first period because of the range of 
B(t), as expressed in Eq. (13). However, the robot can 
also achieve a greater target yaw angle by reducing the 
change rate of B(t). 

(3) The further the initial yaw angle is from the 
target yaw angle, the longer the time to reach a stable 
swimming state is. As detailed in Fig. 10, the offset 
values B(t) of three target yaw angles start to stabilize at 
0˚ at approximately 4 s, 5.5 s, and 7.1 s. 

The yaw angle of the robot fish swings up and 
down in sine form at the target yaw angle due to the 
swing of the head. In each experiment, we select three 
relatively stable periods to obtain the mean values of 
yaw angles and subtract the target yaw angles to obtain 
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Fig. 9 The real-time yaw angle of the robot fish at different target 
yaw angles. 
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Fig. 10 The rotation angle of the servomotor (α) at different target 
yaw angles. 
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the errors, as shown in Table 2. The data show that the 
errors are small, with the average errors of −1.275˚, 
1.939˚, and 1.930˚ for three target yaw angels of 30˚, 60˚, 
and 90˚, respectively. The corresponding standard devi-
ations are 2.728˚, 2.699˚, and 0.668˚, respectively. The 
errors are acceptable, because the experiment process is 
dynamically adjusted. The average errors are less than 2˚, 
which demonstrates the feasibility of our design. 

The last closed-loop control is the pectoral fin 
control, corresponding to the pitch angle of the robot. In 
this experiment, the buoyancy of the robot fish is slightly 
larger than gravity, but the robot may dive without the 
pectoral fin control. We set the target pitch angle to be 0˚ 
throughout the direction tracking. Fig. 11 illustrates the 
pitch angle when the robot fish cruises at different target 
yaw angles from 6 s to 10 s, at which time the robot  
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Fig. 11 The pitch angle of the robot fish at different target yaw 
angles. 

 
Table 2  Error analysis of three stable periods 

Angle (˚) Error (˚) Average error (˚) Standard deviation (˚)

30 

−0.886 

−1.275 2.728 1.237 

−4.177 

60 

−1.080 

1.939 2.699 2.778 

4.119 

90 

1.239 

1.930 0.668 2.573 

1.976 

 

reaches a relatively stable state. The robot adjusts the 
rotation of its pectoral fin automatically to keep the robot 
fish body near the level. All of the pitch angles fluctuate 
around 0˚, and the range of the fluctuation is within ± 4˚. 
This shows that the robot fish is relatively stable during 
swimming. 

 
4.4  Direction tracking with obstacle avoidance 

To enrich the closed-loop CPG control, an obstacle 
avoidance experiment under a fixed cruising orientation 
is conducted by integrating the aforementioned 
closed-loop control. The target yaw angle is set as 0˚, 
and other parameters are the same as the obstacle 
avoidance experiment. A red obstacle is placed in the 
robot fish’s path to test if the robot could avoid it and 
adjust to the initial orientation. Fig. 12 depicts the ex-
perimental result. The reference angle 0˚ is parallel to 
the rectangular pool wall. First, the robot fish starts 
cruising from the right side of the pool at a yaw angle of 
0˚. At 3.07 s, the front IR sensor detects the obstacle and 
the robot fish starts turning left. At this time, obstacle 
avoidance has a higher priority than direction tracking. 
After about 2 s, the robot successfully avoids the ob-
stacle. At 5.27 s, the robot is almost perpendicular to the 
original direction and begins to conduct direction 
tracking. It takes about two seconds to reach the original 
direction based on the feedback signal of IMU. Similar 
to the direction tracking experiment, some deviations 
occur in the first few flapping periods. At 10.98 s, the 
robot fish basically returns to its original direction. 
Dotted lines I and II denote the cruising directions of the 
robot fish during several stable periods before and after 
encountering the obstacle. These two lines are nearly 
parallel, indicating that the robot fish performs both 
obstacle avoidance and direction tracking well. 

Table 3 shows the obstacle avoidance and direction 
tracking of our robot fish in comparison with other 
closed-loop CPG-based robot fishes in the literatures. 
First, our robot fish is the only one with a wire-driven 
design, and only needs one driving servomotor for 
cruising. It is easy to control and low-cost. Second, few 
robot fishes adopted closed-loop CPG-based control in 
researching obstacle avoidance and direction tracking, 
even no other robot fish conducted moving obstacle 
avoidance. Third, in the reported angular error of 
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Table 3  Comparison of closed-loop CPG-based robot fishes in the literatures 

Prototype 
Structure  

design 

Number of 
driving  

servomotors 

Static obstacle 
avoidance 

Moving ob-
stacle avoid-

ance 

Direction 
tracking 

Angular error 
of direction 

tracking 

Our robot fish Wire-driven 1 Yes Yes Yes  Less than 2˚ 

Robotic fish (i-RoF)[23,32] Multi-joint 2 Yes  Not reported Yes  Not reported 

Robotic fish[22,33,34] Multi-joint  4 Yes  Not reported Yes Less than 3˚ 

Boxfish-like robot[24] Single joint 1 Not reported Not reported Yes  About 5˚ 

Agile robotic fish[25] Two caudal fins 2 Yes  Not reported Not reported Not reported 

Robotic shark[35] Multi-joint  2 Yes Not reported Not reported Not reported 

 

 
Fig. 12 Obstacle avoidance under a target yaw angle of 0˚. 

 
direction tracking, our robot fish has the minimum error, 
less than 2˚. 

5  Conclusions and future work 

This paper presents a bioinspired closed-loop 
CPG-based control of a robot fish for obstacle avoidance 
and direction tracking. Based on the discussions above, 
the following conclusions can be drawn. The control 
strategy can effectively control the robot fish to avoid 
obstacles and track designated directions with IR sensors 
and IMU through proper calibration. The experiments 
demonstrated that the robot fish can avoid static and 
moving obstacle, and track designated direction even 
with an obstacle in the path. The average tracking error 
is less than 2˚. Comparing to the existing robot fishes, 
our robot fish has two advantages: First, it can detect and 
avoid not only static obstacles but also moving obstacles. 
Second, it has less direction tracking errors. Additionally, 
the presented control strategy is developed for our robot 
fish. Though, it can also be used for other robot fish, 
such as the multi-joint robot fish, with some modifica-
tions in the CPG control part. In the future, several issues 
shall be further investigated such as target tracking or 
three-dimensional obstacle avoidance. In particular, we 
plan to add a GPS navigation system so that the robot 

fish can swimming across rivers. 
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