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Abstract - In this paper, a method for the posture control of
a biomimetic robot fish TPF-I is proposed. In this method, the
position of the robot fish's gravity centre can be changed by a
barycenter-adjustor, which leads to the pitching angle changing.
Propelled by coordinating a multi-link body and a tail, the robot
fish can complete the posture control and 3-D Locomotion. The
3-D locomotion and posture control are implemented by
synthesizing three basic control methods speed control,
orientation control and pitching control, which are described in
detail respectively. Finally, the experimental results of the robot
fish's motion control are given and the performance is analyzed.
Index Terms - Biomimetic robot fish, barycenter-adjustor, 3-D
Locomotion, posture control
I. INTRODUCTION

The animals' adaptability attracts human being to study
the locomotion characteristics, simulate their outlines and
motion mechanism, and then develop the biomimetic robots.
And the research on the biomimetic robot fish is one
challenging branch in biomimetic robotics. Nature selection
makes the fish adjust themselves to hydrodynamics perfectly.
The propulsion pattern, which is different to the screw
propeller, attracts researchers to study the swimming
mechanism and the body structure. As a new idea for
developing ship propulsion appliances, the biomimetic robot
fish is the combination of bionics and robotics, and it has been
a hotspot.
Much research work have been done on the propulsive
theory. Lighthill builds a model based on elongated-body
theory to analyze the carangiform propulsive mechanism
[1][2], and the large-amplitude elongated-body theory [3] is
propounded to analyze the irregularly amplitude of tail. Wu
[4] has developed a two-dimensional (2-D) waving plate
theory, treating fishes as an elastic plate to analyze the
hydrodynamic feature of the carangiform fish. Triantfyllou
[5][6] has founded that the jet formed behind the fish body
plays an important part as propulsion. Tong has developed the
3-D waving plate theory (3DWDP) based on the 2-D waving
plate theory and a semi-analytic semi-numeric method is
adopted to obtain the 3-D nonstationary linear solutions [7].
The roboticists want to develop a biomimetic robot fish
aiming at high velocity, high efficiency and high
maneuverability. MIT has successfully developed an eightlink, fish-like machine RoboTuna, which may be the first
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free-swimming robotic fish in the world. RoboTuna and
subsequent RoboPike[5][8] projects attempted to create AUVs
with increased energy savings and longer mission duration by
utilizing a flexible posterior body and a flapping foil (tail fin)
that exploited external fluid forces to produce thrust. Marine
Science Center of Northeastern University has developed an
undulatory system that was based on the lamprey, which
utilized the SMA (Shape Memory Alloy)[9]. Kato has
considered the control of pectoral fins-like mechanical
structure as a propulsor and built a Blackbass Robot
prototype[IO]. In Nagoya University, Fukuda has developed a
fish-like micro robot prototype, which possesses a pair of fins
actuated by piezoceramics [11]. The University of Essex [12]
developed the G series and MT series of the robot fish. The
Robotics Institute of Beijing University of Aeronautics and
Astronautics has designed a biomimetic robot-eel prototype, a
robot dolphin and SPC family with which some experiments
are made to study the mechanism of propulsion [13]. The
Harbin Engineering University has developed an octopusimitating robot [14]. The Harbin Institute of Technology has
conducted the underwater robot research on imitating the
propulsion mechanical structure of the fish fins and
constructed an experiment platform using elastic module [15].
Institute of Automation Chinese Academy of Sciences [16]
has studied on the control and coordination of the robot fish.
In reference [18], five methods of descending and
ascending for the robot fish, and the analysis of the
characteristics are given. The pectoral fins are used to perform
the descending and ascending [12][19]. NMRI [20] developed
a fish robot moving up and down with changing a direction of
tail fin, which generates propulsive force.
We develop a robot fish named TPF-I (Three DOF Posture
control Fish-I) in this paper. A scheme is constructed to
control the posture, while many research works focus on the
propulsion mechanism and the implementations. A multiple
links tail is designed to simulate the carangiform propulsion
mechanism. The orientation control is realized by changing
the central axis of the tail oscillating. The pitching is
controlled by a moving counterweight, which changes the
centre of gravity position. The robot fish can descend and
ascend at certain velocity.
The rest of the paper is organized as follows. Section II
describes the design of the biomimetic fish, including
barycenter-adjustor structure system and the tail mechanical

structure. 3-D locomotion control is introduced in Section III.
The realization of the robot fish, the experiment and the
performance analysis are introduced in Section IV and Section
V concludes the paper.

designed and implemented, as shown in Fig.2. The weight is
located in the head part of robot fish, whose position is
changed by a servo actuator, and the motion of the weight
changes the centre of gravity position.

II. THE DESIGN OF THE BIOMIMETIC FISH

A. Figures and Tables
There are several descending (ascending) methods [18],
which are different in the mechanical structure complexity and
performance. Five schemes are considered and analyzed for
the robot fish, and one of them is chosen and realized in our
robot fish.
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The tail is the key factor in the carangiform propulsion
mechanism. The researchers on the fish behaviours point out
that there is travelling wave, which travels from the neck to
the tail implicit in the body of swimming fish. The wave
appears as the curvature of the spine and muscle, gradually
increasing amplitude, and it travels faster than forward
movement. The carangiform propulsive wave curve starts
from the fish's centre of inertia to the caudal link, which is
assumed to take the form of (1) [15]

(e)

Fig. 1 The descending(ascending) methods for the robot fish

Changing Gravitation (Buoyancy): This method is specified in
Fig. 1 (a). A pump is used to change the water amount in the
tank to change the density. A similar method is changing the
buoyancy by a piston, which can alter the volume. Both of
them make use of the different between the buoyancy and
gravitation. The fish robot can move up and down vertically
by using this method, and the diving depth of the robot fish
may be controlled accurately. But the response time is slow,
and the tank or the piston may make the robot fish bigger.
Pectoral fins: The fish robot with a pair of pectoral fins
descends or ascends by changing the attack angle of the
pectoral fins, which is shown in Fig. 1 (b). This method is
expected to be quick response and high dynamic performance.
However, the fish robot needs a higher swimming speed,
because it utilizes the lift force of the fins.
Changing body shape: As show in Fig. 1(c) & (d), the fish
robot bends its body to a certain shape, and moves up and
down by the lift force. The effect is similar to Pectoral fins.
Changing the barycenter: As shown in Fig. 1 (e), the fish robot
moves up and down with changing a pitching direction, which
is realized by moving the inside weight. The mechanism is
only set inside of the body, so the motion of the mechanism
isn't affected by the water flow.
Considering these features and the limit in the realization,
changing the barycenter is chosen. A mechanical structure is
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Ybody (x, t) = [(cx + c2x )] [sin(kx + cot)].

(1)

where Ybody is the transverse displacement of body, x is the
displacement along main axis, k is the body wave number (k
=2zw2), i is the body wave length, c1 is the linear wave
amplitude envelope, c2 is the quadratic wave amplitude
envelope, Co is the body wave frequency (co=2zf=2zw1). A
sample of the fish body wave curve is shown in Fig.3
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Fig.3 Links based body-wave fitting

Four hinge links are adopted to simulate the locomotion of
fish tails, which is shown in Fig.4. The parameters are chosen
(ci, c2, k, Co), to determine the proper body wave and the
fishes' locomotion may be emulated. Considered that robot
fish's oscillatory part consists of 4 oscillatory hinge links, it

can be modelled as a planar serial chain of links at an interval
of 0 to R x 2IT along the axial body displacement, where R is
defined as the length ratio of the fish's oscillating part to the
whole sine wave. Let the length of each link be I (j =1, 2, 3, 4),
the ratio of the link's length be l,. 12: 13. 14, and the link angle
between Ij1 and Ij be qj. With the yj changing, the fish's
oscillatory part undulate along the travelling wave as (1)
expressed. Thrust is then produced when the speed of body
wave propagation exceeds the speed of overall fish [8, 10].
Joint 1
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Fig. 5 The schematic diagram for fish turning

_a*

I

_|_

The orientation control is realized by adding different link's
deflection. Different turning mode is implemented by adding
various deflections O0, the special deflection angles of l1, in
each oscillation period to the part or all of links. Some
transient motions are realizable by adding some special
deflections to the links, such as rapid start, turns, and stop. It
is necessary to insure that the oscillating rule marshes the (1)
when turning, so the arc is chosen as the oscillating axis of the
links. Correcting (1), we have:
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Fig. 4 The schematic structure of the robot fish TPF-I

III.

POSTURE CONTROL

A. The velocity control
The fish is propelled by the tail oscillating. The parameters
relating to the velocity include the frequency, the amplitude,
and the length of the oscillating part. The real-time changing
of the oscillating amplitude and the oscillating part length is
difficult because of the limitation of servomotors, and the
frequency is most easily controlled. In the (1), the
parameter c decides the oscillating frequency. Based on
equation (1), the following equation is obtained:

Ybody (x, t) = [clx + c2x ] [sin(kx + 27ft)]

YbOd

(X, t) = [(C1X + C2X2)] [sin(kx + ct)] + R2 _X2 -R

(3)

where R is the radius of the tail axis, which is connected with
the turning radius. A sample of the corrected fish body wave
curve is shown in Fig.6.

(2)
E
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Where f =-is frequency of the body wave.
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Changing the frequency f will control the velocity of the
biomimetic robot fish. So the speed of fish's straight
swimming is adjusted by modulating the link's oscillating
frequency. The relationship between the oscillation frequency
and the swimming speed will be shown in section IV through
several experiments.

dy(X,l

/4

B. The orientation control
The fish change the swimming direction by the
coordination of the tail and pectoral fins. In the model of
carangiform propulsion, the function of pectoral fins is
secondary, so they are ignored for the simplification of
structure. By the observation of the actions of fish, it can be
seen that the fish turns by changing the axis of oscillating
when swimming, which is specified in Fig.5. R is the radius of
the oscillating axis.

Fig. 6 The corrected fish body wave curve

The special deflection angles of Ii
(4) actually.
0i = arcsin(

I)

2R

O0

can

be obtained from

(4)

C. The pitching control
As described above, the robot fish pitches using barycenteradjustor to change the posture. As shown in Fig.7, 01 is the
initial the centre of gravity position, and the 02 is the position
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after the weight moving. m is the weight of the adjustor. D1 is
the distance between the revolution axis of adjustor and 01. M
is the fish weight without m. D2 is distance between the
barycenter of M and 01. do is the length of the turning arm.
When the angular displacement of the servo is 00, the centre of
gravity position changes d1.
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atmospheric pressure. The final changing distance of the
barycenter position is obtained:

d

-

+

AM

(9)

According to (9), the coincidence relationship between d1
and 00 can be calculated, which is useful for the posture
control. d1 is the change of the barycenter position with the
controlling quantity 0, which decides the change of the
posture. The increase of d1 results in the increase of the pitch
angle, and the increase of the velocity of descending
(ascending) in a certain ahead velocity. The control effect will
be shown in section IV through several experiments.
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IV EXPERIMENTS

A. Implementation ofthe prototype
The prototype is shown in Fig. 8. The control system and
battery are equipped in the fiberglass fish head. To ensure
fish's waterproof performance, its overall posterior part is
covered up by a rippled rubber tube that is sealed upon the
forebody.

Fig.7 The moment analysis of barycenter-adjustor

The equations are satisfied:
{/

=

mD1

M(D2- dl) = m(D1 + d4 - do sin 00)

(5)

So the relationship between the angular displacement of the
servo 00 and the changing distance of the barycenter position
is obtained:

(6)

m+M

Initially, the centre of the buoyancy and gravity are both at

01. The balance is broken when the barycenter changes, and

rig. 6 Frototype o0 ttie rooot ist

the robot fish pitches. The density of the robot fish is a bit
different to water, and the difference will results in secondary
buoyancy. On another hand, the robot fish tail cover is made
of rubber, so its volume is affected by the temperature and the
press, which results in the change of buoyancy. We convert all
of these factors to the change of the centre of gravity position.
The second equation in (5) converts to:

M(D2- dl) - D3AVp = m(D1 + d, - do sin 00)

The parameters of the robot fish prototype are shown in
Table I.
TABLE I:
PARAMETERS OF THE ROBOT FISH

(7)

Using the general gas law, we have:

AV= nRT

pi

nRTI

PO

(8)

where D3 is the initial distance between the tail's soft part and
the buoyancy centre. It may be estimated by supposing the tail
as a truncated cone. V is the volume of the air in robot fish,
which is connected with the rubber tail. AV is the volume
change of V. p is the density of water. To and P0 are the
initial temperature and press: TO=200C and P0= 1 standard

Item

Value

Size (LxWxH)(mm)
Weight
Max oscillating frequency
Working Voltage
Weight of Adjustor
Body-wave constants
Number of links
Max velocity(cm/s)

410*105*56
920g
1.11 Hz (in water)
6V
138g
cl=0.05, c2=0.09, k=0.5, R=0.6
4
28.04

B. Experiments for velocity control

The oscillating frequency should not too high for the limit
of servo actuator, and it doesn't exceed 1.1 Hz in these
experiments. f is controlled by the microprocessor of the robot
fish according to the velocity commands received from the
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operators. The experimental results of the algorithm are
shown in Fig. 9.
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Fig. 9 Swimming velocity at different frequencies
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According to the data shown in Fig. 9, the velocity
increases with frequency, but the increasing is not linear. It is
for the hydrodynamics of fish swimming, and the rule will be
study in future.
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C. Experiments for orientation control
Adding different links' deflection, the robot fish realizes the
orientation control. We choose R that makes 0 increase
linearly so as to compare their results. The oscillating
frequency 0.56Hz is chosen. We measure the bending radius
by the ruler fixed in water. And the angular velocity is
calculated by the help of video. The results are shown in Table
II and Fig. 10. 01 >0 means that the body twists to right, and R,
the angular velocity, or the bending radius is greater than zero
means the robot turns right (clockwise).
In these experiments, the bending radius and angular
velocity are measured when the robot swim clockwise and
counterclockwise. The results are not symmetrical due to the
installation error of every links. According to Fig. 10, the
decrease of R results in the increase of flexibility of the robot
fish, the bending radius decreases, and the angular velocity
increases. From Fig. 11, the angular velocity increases when
01 increases, but the change of angular velocity doesn't match
the rule exactly when 01 is large (i.e. 01=-54). Because the
angle the servo turns is limit in a range, the deflection added is
too large, and the undulation movement of robot fish is
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Fig. 11 0 vs. angular velocity

D. Experiments for pitching control
This experiment is conducted in shallow water in the case
of T=200C and P0= 1 standard atmospheric pressure on water
surface, so the press of water is ignored. The oscillating
frequency is chosen 1.11Hz. In the experiment, the robot fish
switches to a certain posture after swimming steadily.

Calculate the Average Velocity of Descending (A VDS), which
are shown in Table III and Fig. 12.
TABLE III
THE RESULT OF PITCHING CONTROL EXPERIMENTS

-54 -40.5 -27 -13.5 13.5 27 40.5 54
0(°)
-1.33 -1.07 -0.75 -0.39 0.39 0.75 1.07 1.33
di(cm)
AVDS(cm/s) -8.25 -6.60 -4.13 -2.75 2.54 4.71 6.60 11.00

destroyed.
Cas
a

1 st

2nd

3rd

4th

5th

6th

7th

8th

-3.40
-54
-41.4
-36.0
-36.0
-5

-4.23
-40.5
32.1
-28.2
-28.2

-6.06
-27
-21.8
-19.3
-19.3

-11.78
-13.5
-11.0
-9.8
-9.8

11.78
13.5
11.0
9.8
9.8
26

6.06
27
21.8
19.3
19.3
11

4.23
40.5
32.1
28.2
28.2
7

3.40
54
41.4
36.0
36.0
4

Item
R (cm)

1(°)
02(°)

D~~~~~~~~~~~~~~

I

TABLE II
THE RESULT OF ORIENTATION CONTROL EXPERIMENTS

,

5

-

03(°)
04(°)
bending radius
-7 -17 -33
(cm)
angularvelocity -62.18 -88.67 -44.50 -29.65 22.81 39.30 88.24 94.70
s)
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V CONCLUSIONS

[8]

Based on carangiform fish swimming mechanism, a robot
fish with four-link tail and a barycenter-adjustor is developed.
The tail simulates the locomotion of fish tail for propulsion.
The barycenter-adjustor is used to change the posture and
perform the 3-D locomotion by combining with the tail
motion. Some experiments are carried out upon the robot fish
to study the relationship between the oscillating frequency and
velocity, the links' deflection and the effect of the orientation,
the centre of gravity position and the velocity of descending.
Experimental results show the good performance on agility
and maneuverability of the robot fish TPF-I.
The future work will focus on enhancing the efficiency,
agility, maneuverability and swimming skill based on the
sensors and control technology.
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