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Abstract
In this paper, a carangiform robotic fish with 4-DoF (degree of freedom) tail has been developed. The robotic fish has 

capability of swimming under two modes that are radio control and autonomous swimming. Experiments were conducted to
investigate the influences of characteristic parameters including the frequency, the amplitude, the wave length, the phase dif-
ference and the coefficient on forward velocity. The experimental results shown that the swimming performance of the robotic 
fish is affected mostly by the characteristic parameters observed. 
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1  Introduction 

Fish show excellent swimming performance in 
nature, so more and more researchers have focused on 
mimicking fish locomotion for developing underwater 
vehicle with high speed, high maneuverability and high 
efficiency. With the integration of biological theory and 
engineering practice, Autonomous Underwater Vehicles 
(AUV) have been developed and applied to civil or 
military areas. 

Fish locomotion can be classified into two catego-
ries on the basis of the propulsive mechanism used: 
Body and/or Caudal Fin (BCF) mode in which fish swim 
with their body and/or caudal fin and Median and/or 
Paired Fin (MPF) mode in which fish propel with their 
media and/or paired fin[1]. BCF mode displays the out-
standing performance of high speed and high efficiency, 
while MPF mode is capable of maintaining good stabil-
ity. Both types of the propulsion modes have been 
studied in detail. The first robotic fish, Robotuna, de-
veloped by MIT[2] in 1994, swims at a velocity up to  
2 m·s 1 by swinging posterior body and lunate tail. 
Mason and Burdick[3,4] developed a carangiform proto-
type and underwent the experiment to testify the suppo-
sition of thrust generated from swinging fin. To improve 

the maneuvering control, Kato laboratory carried out the 
research on the pectoral fin control[5]. Liu et al.[6–8] de-
veloped autonomously fish-like robot on the basis of the 
inspiration from biological system. Low et al.[9–11]

showed interest in undulation mechanism propelling by 
the undulating fins. 

In this paper, a carangiform robotic fish prototype 
was presented to investigate the influences of the char-
acteristic parameters on the forward velocity. This study 
described the mechanical configuration and the electronic 
system of the robotic fish, and investigated the influences 
of several important parameters on the velocity. 

2  Materials 

2.1  Mechanical design of the robotic fish
Fig. 1 shows the mechanical structure of the robotic 

fish developed in the present work. The robotic fish 
consists of two parts mainly: head module and body 
section. The head module that is made of fibre glass has 
enough rigidity to resist the pressure. It also has enough 
space to hold the control system, battery and the coun-
terweight. There are three holes on the head module for 
installing the infrared sensors, on where is the front, left 
and right. The body section includes joints, strut mem-
bers and caudal fin. The four scale-down joints are 
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connected in series for generating the wave motion. The 
strut members are used to support a flexible plastic tube 
which prevents the servomotor from water. The caudal 
fin is made of a thin deformable plastic plate. 

Fig. 1  The mechanical structure of the robotic fish. 

2.2  Electronics design of the robotic fish
The robotic fish has capability of swimming in two 

modes: wireless control and autonomous swimming. 
When the robotic fish is working in wireless control 
mode, the movement is manipulated by wireless con-
troller system which is made up of joystick, PC and 
wireless communication module (Fig. 2). The mode of 
autonomous swimming is realized based on the infrared 
sensors equipped on the head module. In the case of no 
wireless communication and no detection of the infrared 
sensors, the robotic fish swims autonomously by 
changing the swimming movements from one to another 
designed in advance. When the obstacles are detected by 
the infrared sensors, the robotic fish can round them by 
taking an appropriate turn with a desired speed. 

The movement of the robotic fish and signal proc-
essing are operated by the main controller board in-
stalled in the head module. The main processor of the 
main controller board is the microcontroller TMS320 
LF2407 (DSP) which offers a mass of application mod-
ules such as PLL Clock, JTAG port, CAN, SPI module, 
Serial Communications Interface (SCI) module, Ana-
log-to-Digital Converter (ADC) module and Event 
Manager (EV) module etc.(Fig. 3). In our work, the SCI 
module is used to receive the instruction from the con-
troller system and send the state to the actuator as a 
feedback, and the ADC module is used to process the 
signal received from the infrared sensors. The EV mod-
ule generates Pulse Width Modulation (PWM) signals 
for driving the servomotor. 

Fig. 2  The transmitter system.

Fig. 3  The function structure of the main processor. 

2.3  Locomotion control of robotic fish
The robotic fish is modeled as the carangiform fish 

which swim by swaying the 2/3 posterior part of the 
body[12–15], and the undulation motion extends from the 
anterior part to the posterior part. The robotic fish can be 
considered as a skeleton model (Fig. 4). 

Fig. 4  Simplified model of the robotic fish. 

According to Lighthill’s work[16], the movement of 
the robotic fish can express as 

2
body 1 2( , ) ( )sin(  )y x t C x C x kx t  ,         (1) 

where ybody(x,t) is the transverse displacement of the 
robotic fish along the x-axis at time t, C1 and C2 are the 
linear coefficient and the quadratic coefficient of the 
wave amplitude envelope respectively, k = 2 / is the 
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wave number and is the wave length,  = 2 f is the 
wave frequency and f is the propelling frequency.  

As found in Ref. [17], the caudal fin of fish in-
volves in two motions simultaneously: the heaving and 
pitching motions. The phases of the two motions are 
different. Hence, the motion of the robotic fish is divided 
into two parts: the body undulation and the heaving and 
pitching motions of the caudal fin. As the processor DSP 
can only deal with the digital signals, the undulation 
equation should be discretized. Based on Eq. (1), the 
movement of the robotic fish is discretized about time t
and expressed in body undulation equation and caudal 
fin oscillation equation, described as 

2
body 1 2( ) ( )sin( 2 )i i i i

n
y C C kx x x x

M
 ,        (2) 

44 3tail body
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 sin( 2 )
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k x
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 .                  (3) 

In Eq. (2), i = 0, 1, 2, 3, xi denotes the displacement of Joint 
1, Joint 2, Joint 3 and Joint 4 along x-axis respectively, and 
in Eq. (3), ytail (x4) is the transverse displacement of the 
caudal fin along the y-axis, which consists of heaving 
motion (ybody(x3)) and pitching motion (L4 × sin ), x3 is 
the displacement of Joint 4 (e.g. caudal swing axis) 
along x-axis, x4 is the displacement of the end of the 
caudal fin along x-axis, L4 is the length of caudal fin, 

max is the maximum attack angle[18,19], M is defined as a 
discrete number that divides a period into small intervals, 
n counts from 0 to M 1, while  represents the phase 
difference between the heaving and the pitching mo-
tions. 

The velocity of the robotic fish is influenced by the 
characteristic parameters mentioned above. First of all, 
C1 and C2 have direct influence on the maximum am-
plitude, plays notable role in undulation classification 
affecting the velocity and the efficiency of the fish; M
has close relationship with the frequency f; affects the 
force generated by the caudal fin, which may be thrust or 
resistance determined by the value of . The influences 
of these parameters are investigated in the experiments. 
The specification of the robotic fish used for the ex-
periment is listed in Table 1, and the robotic fish in 
swimming is shown in Fig. 5. 

Table 1  Specification of the robotic fish 

Robot fish Specifications 
Dimension 605 mm × 80 mm × 200 mm 

Weight 3.8 kg 

Degree of freedom 4 

Microcontroller TMS320LF2407 

Actuator Servomotor 

Power source 6V Ni-H battery, 2500 mAh 

Sensors Infrared sensors 

Control mode (1) Radio control 
(2) Autonomous swim 

Fig. 5  The robotic fish in swimming. 

3  Experiments 

To investigate the factors influencing the forward 
velocity, first we investigate how the forward velocity is 
affected by several main parameters including the fre-
quency f, the amplitude A, the wave length , the phase 
difference   and the coefficient C1.

The experiments were conducted in a non-cover 
tank (4 m × 2 m × 1 m). To collect more detailed and 
accurate information of the experiments, a high-speed 
digital vidicon was adopted to record the instantaneous 
movement of the robotic fish, as shown in Fig. 6. The 
high-speed digital vidicon is made up of high-speed 
mega-pixel CMOS camera (Mikrotron MC1310), digital 
video capture card (IO industries CLFC) and high-speed 
hard-disk. The highest resolution of collected images is 
1280 pixel × 1024 pixel, and the highest acquisition 
speed is 500 frames·s 1. In our experiments, the acqui-
sition speed is 30 frames·s 1, and the image resolution is 
1280 pixel × 1024 pixel. The collected images were 
imported into a personal computer then were processed 
using a custom-designed program. 
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During the experiments, the power of the robotic 

fish was supplied by a DC Power Supply through two 
long sealed wires instead of the battery fixed in the ro-
botic fish, under the consideration of the coequal condi-
tion of the experiments. 

Fig. 6  Experiment instrument set-up. 

4  Results and discussion 
4.1  Relationship between velocity and swaying  

frequency 
To find out the effect of frequency f on the forward 

velocity of the robotic fish, we changed the frequency 
from f1 to f7, with the other parameters unchanged. For 
each frequency, the experiment was conducted for 5 
times, then the results were calculated by average and 
the standard deviation was also given. For detailed 
comparison, three groups of experiments are conducted 
by changing the maximum amplitude A. VA1, VA2 and VA3

are used to denote these three groups of experiments 
respectively, which are reflected by the three curves of 
Fig. 7. The results are shown with two vertical axes 
which denote the velocity and the body length velocity 
respectively. For simplicity and convenience, we define 
an experimental parameter matrix as 

1 11,...,71

2 12 1,...,7

3 3 11,...,7

            

             

            

iA

A i

A i

fV CA R

V f CA R
V f CA R

 ,             (4) 

where fi represents {f1, f2,…, f7}, R is defined as relative 
wave length, which is the ratio of the fish’s oscillatory 
length to the wave length. 

As shown in Fig. 7, the forward velocity increases 
with the frequency and arrives peak at the frequency 

value of 1.67 Hz, then decreases as the frequency in-
creases. The cause is the speed limit of the servomotor. 
Consequently, the desired amplitude can not be achieved 
at high frequency. The three curves by varying the 
maximum amplitude trend are consistent, and all have a 
maximum velocity at the frequency 1.67 Hz. The 
maximum velocity of this experiment is 0.28 m·s 1,
which is equivalent to 0.47 body length per second. 

Fig. 7  Forward velocity with different frequencies. 
R = 0.5, C1 = 0.08, = 90˚, the standard deviations are among 
the interval (0.0013, 0.0045) m·s 1.

4.2  Relationship between velocity and amplitude 
The experimental parameter matrix is summarized 

as

111 1,...,5

1,...,5  12 2

1,...,5 133

             

           
           

f i

if

if

AfV CR

V f CA R
fV CA R

 ,             (5) 

where Ai represents {A1, A2,…, A5}.
This experiment was conducted to find out how the 

maximum amplitude affects the velocity by changing the 
maximum amplitude from 2 cm to 10 cm. 

As shown in Fig. 8, the velocities, with the fre-
quencies of 1 Hz and 1.67 Hz, reach their maximum at 
the amplitude of 6 cm, up to 10 % of the body length. 
When the frequency is 0.83 Hz, the velocity gets its 
maximum at the amplitude of 4 cm, mainly because of 
the lower frequency. The velocity at A = 10 cm is smaller 
then that at A = 8 cm. According to the conclusion of 
Triantafyllou et al., for high propulsion efficiency, the 
amplitude of the carangiform fish should not go beyond 
10% of the body length[12,17]. In this experiment, the 
results accord with this conclusion. 
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Fig. 8  Forward velocity with different maximum amplitude. 
R = 0.5, C1 = 0.08, = 90˚, the standard deviations are among the interval 
(0.0010, 0.0051) m·s 1.

4.3  Relationship between velocity and wave length 
In order to investigate the influence of the wave 

length on the forward velocity, the parameter R is used to 
describe wave length instead of . Fish can be divided as 
ostraciiform, thunniform, carangiform and anguilliform
as the value of R increases. In this experiment, R is set 
from 0 to 1, the experimental parameter matrix can be 
expressed as 

111 1,...,8

12 1,...,82

11,...,83 3

            

            
         

f i

f i

if

RfV C

V f R CA
V f R CA

 ,            (6) 

where Ri represents {R1, R2,…, R8}.
In Fig.9, the velocity increases linearly with R to its 

peak, then decreases as R increases continuously. Under 
the limited performance of the servomotor, the velocity 
arrives at the maximum 0.35 m·s 1 (0.58 body length per 
second), at the point R = 0.875. 

Fig. 9  Forward velocity with relative wave length. 
A = 5 cm, C1 = 0.08, = 90˚, the standard deviations are 
among the interval (0.0011, 0.0043) m·s 1.

4.4  Relationship between velocity and phase differ-
ence in heaving and pitching motions 
The heaving and pitching motions of the caudal fin 

do not occur in the same phase, there is a phase differ-
ence between them. The research on propulsive effi-
ciency of oscillating foils by Triantafyllou et al.[12,17]

reveals that the pitching motion should lead the heaving 
motion by about 75˚. So we focus on the effect of the 
phase difference, and express the experimental parame-
ter matrix as 

11 1 1,...,10

12 1,...,102

13 1,...,103

            

           
        

f i

f i

f i

RV f A C

V f R CA
V f R CA

 ,       (7) 

where  represents { 1, 2,…, 10}.
As shown in Fig. 10, the three curves have the same 

tendency to reach the maximum velocity at the phase 
difference of 70˚. When the phase difference is 70˚, the 
caudal fin is moving upwards. Because of the resistance 
of the water, the caudal fin is deformed from the ideal 
shape to a new curved shape, so the actual phase dif-
ference is larger than 70˚, reaches to 75˚ nearly, as shown 
in Fig. 11. 

Fig. 10  Forward velocity with phase difference. 
A = 5 cm, R = 0.5, C1 = 0.08, the standard deviations are 
among the interval (0.0023, 0.0055) m·s 1.

Fig. 11  Sketch depicting the deformation of the caudal fin. 
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Therefore, when the caudal fin is not a rigid foil but 

a deformable plate, the phase difference of the heaving 
and pitching motions should be set lower than 75˚ for 
getting higher velocity. 

4.5  Relationship between velocity and coefficient C1

To observe the impact of the coefficient of the wave 
amplitude envelope on the forward velocity, the linear 
coefficient C1 is chose as the considering factor, and the 
experimental parameter matrix is given by 

1 1 =1,...,511

2 1 =1,...,512

3 1 =1,...,513

            
            
             

 iC

 iC

iC

 RfV A C
RV f A C

V Rf A C

 ,        (8) 

where C1i represents {C11, C12,…, C15}.
As shown in Fig. 12, when the maximum amplitude 

is a constant, the envelope of the undulation changes 
with C1. When C1 increases, the envelope will get close 
to straight line gradually. When C1 is small, the ampli-
tude of the part near the fish body gravity center is small. 
As shown in Fig. 13, the three curves have the same 
tendency that the velocity does not change significantly, 
and the phase difference decreases when C1 get higher 
than 0.1. When C1 increases, the robotic fish moves as 
rolling and yawing. It is worth mentioning that the 
higher C1 brings stronger movement of the part near the 
robotic fish body gravity center, and this can lead to an 
unstable swimming. 

5  Conclusions and future work

A carangiform robotic fish with 4-DoF tail has 
been developed which is capable of swimming under 
two modes of radio control and autonomous swim. The 
main emphasis of the paper is to investigate experi-
mentally the effects of the characteristic parameters on 
the robotic fish prototype.  

Some conclusions are derived from the experiments: 
(1) The cruise velocity of the robotic fish increases 

with the frequency, and affected by the servomotor 
performance.  

(2) When the maximum amplitude gets to nearly 
10% of the body length, the cruise velocity reaches the 
maximum. This is the same observation made by Tri-
antafyllou[17] in their experiment on oscillating foils. 

Fig. 12  Inferences of C1 on the amplitude envelope. 

Fig. 13  Forward velocity with different coefficients C1.
R = 0.5, = 90˚, f = 1 Hz, the standard deviations are among the 
interval (0.0011, 0.0043) m·s 1.

(3) The robotic fish swims at the highest velocity 
when R is 0.875. 

(4) In our experiment, the robotic fish with plastic 
caudal fin has the peak velocity when the phase differ-
ence is fixed at 70˚, however, the phase difference 
should be higher than 70˚, if the experiment was con-
ducted on the rigid foil. 

(5) The influence of the coefficient C1 on the veloc-
ity is not so obvious, although the velocity will decrease 
as C1 increase beyond a certain value. 

In future work, more experiments will be con-
ducted to study the swimming efficiency and the ma-
neuverability performance, as well as the performance of 
ascending and submerging. To collect more detailed and 
accurate results, more sensors such as pressure sensors, 
acceleratometer and 3D obliquity detectors will be in-
tegrated in the sensing system. 
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