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Abstract This paper focuses on the gaits planning

method of the backward swimming for unsymmetrical

structure bio-inspired robotic fish. Based on the differences

between the anguilliform mode and carangiform mode

swimming, a method for searching gaits of backward

swimming was proposed to plan the motion of the devel-

oped carangiform robotic fish. The body envelope of

European eel’s backward swimming was mimicked

according to the freely swimming model, which was pro-

posed to analyze the propulsion produced by the undulation

of the multi-link tail. Finally, simulations and experiments

were conducted to demonstrate the gaits searching method

for the bio-inspired carangiform robotic fish.

Keywords Backward swimming � Carangiform robotic

fish � Gaits planning

1 Introduction

Aquatic animals, especially fish, exhibit enhanced maneu-

verability in either open water or confined habitats in

contrast to man-made vehicles, which attracts much

research attention. Many theories have been proposed to

explain the secrets of fish swimming mechanisms and

summarized driving modes of fish motions. Several pro-

totypes of the biomimetic robotic fish have been developed

by the inspired characteristics [1–6]. In particular, oscil-

lating or undulating foil has been proposed as an alternative

propulsor to the conventional screw propeller [1, 2]. The

development of the 8-link, foil-flapping robotic mechanism

(Robotuna) [1] acquired detailed measurements of the

forces on an actively controlled body. Burdick’s group

have done some work on carangiform locomotion [6, 7],

including more sophisticated control strategies and fluid

dynamic analysis.

When the robotic fish is applied in some certain situa-

tion, the ability of swimming backward is important. The

significance of the backward swimming motion for the

carangiform robotic fish is that it diversifies the motions

with changing neither the mechanical structure nor the

advantage on propulsion, which makes the robotic fish

more flexible to accomplish complicated maneuverable

motions. It enhances the capability, and it may be applied

to the accurate location without large amplitude turning,

and works in confined gaps, pipelines, and maze, where

they are too narrow for them to turn back.

In nature, while most fish all swim backward slowly by

the oscillation of pectoral fins, European eel can swim

backward by the undulation of body and tail [8], which is

inspiring the researchers to mimic this kind of motion.

A five-link eel-like robot has been developed to implement

several kinds of motions including backward swimming

[9]. However, eel-like robots are usually symmetrical

between the head and the tail. The robotic eel swims

backward when the undulation amplitude of the head is

larger than that of the tail. Thus, the motion of swimming

forward and backward is symmetrical because of this

symmetry, and the backward swimming can be realized

easily by exchanging the motion law of anterior links with

the posterior ones. Another kind of robotic fish with ribbon

fins is similar to the robotic eel, whose every fin can
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undulate freely and symmetrically [10]. When the anterior

fins undulate larger, the robotic fish swims backward.

These two kinds of robotic fish are both symmetrical in

structure, while many other underwater robots, based on

bionic fins or multiple undulation fins, utilize fins flapping

forward or backward to swim forward or backward, just

like fish’s pectoral fins [2].

Compared to these underwater bio-inspired robot,

carangiform fish motion’s large amplitude undulation is

mainly confined to the last 1/3 part of the body. Although

this difference endows the carangiform fish with high

speed and efficiency, the flexibility of the tail reduces

and the head is not symmetrical with the tail. Thus,

simply reverse of the motion control law is not suitable

for the carangiform robotic fish. A positive–negative

pressure method is introduced to analyze the given gaits

with which a carangiform robotic fish can swim back-

ward [11]. However, it is necessary to find the special

gaits for swimming backward.

In this paper, we propose a method to find solutions for

this problem. Firstly, a motion model is built to deal with

the unique features of swimming backward, and the gaits

space is introduced based on it. Then, a gait-searching

algorithm is adopted to find suitable gaits, which is con-

strained by features of European eel’s backward swimming.

2 Carangiform robotic fish

2.1 The swimming modes

The fish propels itself by the undulation or oscillation of its

caudal fin and tail. The BCF (body and/or caudal fin)

propulsion modes can be classified into four modes

according to the wavelength and amplitude envelope of the

propulsive wave underlying fish’s behavior, including an-

guilliform mode, subcarangiform mode, carangiform

mode, and thunniform mode [12]. Most of fish swim

backward by pectoral fins except European eel, which is a

kind of anguilliform mode. The European eel utilizes the

body’s undulation to swim backward. In [8], Kristiaan

D’Aout and Peter Aerts studied the kinematic characteris-

tics of this kind of motion. Compared with forward

swimming, the backward has two significant kinematic

differences. The first one is that the slope of wave fre-

quency against swimming speed is much higher, and the

second one is that the amplitude envelope along the body

of the propulsive wave is rather uniform, which is similar

to the amplitude of tail-tip during forward swimming with

values. These conclusions inspired a feasible approach to

implement the backward swimming for the carangiform

robotic fish: if it undulates like the backward motion of the

European eel, it may swim backward.

Carangiform thrust is produced by a stiff caudal fin. The

amplitude of this undulation, however, is small or zero in the

anterior portion of the fish, and increases drastically in

the immediate vicinity of the trailing edge [8]. A simplified

carangiform propulsive model, so-called body wave, is given

to describe the motion trace of the carangiform fish spine:

ybodyðx; tÞ ¼ ðc1xþ c2x2Þ sinðkxþ xtÞ ð1Þ

where ybody is the transverse displacement of body, x is the

displacement along main axis, k is the body wave number,

c1 is the linear wave amplitude envelope, c2 is the quadratic

wave amplitude envelope, and x is the body wave fre-

quency. This function is under a fish-body-fixed frame

XaOaYa, which is shown in Fig. 1b.

2.2 The prototype of robotic fish

An experimental biomimetic robotic fish is developed

based on this simplified carangiform propulsive model.

This robotic fish is composed of a multi-link tail to fit the

body wave curve and a rigid anterior part as container of

control system and other accessories. The structure is

shown as Fig. 1. We utilize multiple links tail to mimic the

behaviors of carangiform fish. During swimming, the

robotic fish should make links end to end on the fish body

wave curve. Figure 2 gives a prototype of the robotic fish.

To ensure the fish’s waterproof performance, its overall

posterior part is covered by a rippled rubber tube that is

sealed upon the forebody.

Fig. 1 Mechanical configuration of robotic fish
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Swimming in water, the robotic fish pushes water away

behind it with using both undulation of the tail fin and the

body. This causes the fish to be propelled by the action of

its body upon the water. Our carangiform robotic fish

consists of three parts: stiff anterior body, flexible rear

body and an oscillating lunate caudal fin. The well-

streamlined rigid anterior body is passively side slipped to

some extent, while the flexible rear body takes on signifi-

cant lateral movements. The whole body of fish, from the

view of mechanical engineering, can be designed as a

multi-link mechanical structure, which consists of oscil-

lating hinge joints actuated by motors. This structure is a

typical serial one, and Fig. 1 gives an example of four

links.

We hope the backward swimming method of Euro-

pean eel can be used to endow carangiform robotic fish

with the ability of backward swimming, but the structure

is much different, and the head is not symmetrical with

the tail. Thus, the flexibility of the tail reduces, although

these differences improve the speed and efficiency of the

carangiform fish. Therefore, the result of this method for

carangiform robotic fish may be different with European

eel. The task of backward swimming is that finding a

motion control law for robotic fish to make the robotic

fish swim like the swimming backward European eel. To

find out suitable law, a dynamic model of our robotic

fish is necessary to analyze the kinematics of freely

swimming.

3 Modeling of the robotic fish

In the advancing (swimming forward), the robotic fish’s

head undulate with very small amplitude, and it is often

ignored [7]. However, this assumption is not suitable in

swimming backward. We can figure out from the European

eel’s backward swimming that the action of the head is

very large, so a model for feely swimming without the

assumption of non-oscillatory fish head is built. The ca-

rangiform robotic fish is simplified as jointed plates. The

kinematic model of this robotic fish is proposed to discuss

the propulsion, which is based on the Lagrange’s equation

and the hydrodynamic force.

This robotic fish is a typical serial robot in structure, and

it can be described by the Lagrange function, analogously.

One important difference is that the movement of the

robotic fish has neither any fixed points (just like the base

frame of the mechanical arm) nor fixed reference system

(just like the ground reference frame for mobile robot). The

robotic fish swims in water freely, and the movement of

links interacts with the water; the movement decides the

amount and direction of the hydrodynamic forces and the

forces also decide the movement. The kinematic and

dynamic problems are coupled, which cannot be calcu-

lated, respectively. Equation 2 is only the relative motion

law of links.

The basic idea for modeling the biomimetic robotic fish

is to build the Lagrange’s function unrelated with the

internal force based on the structure of joints. The gen-

eralized forces derived from the Lagrange’s equation of the

second kind are equal to the forces calculated according to

the hydrodynamics. Finally, a system of partial differential

equations can be built and the movement of the robotic fish

can be solved.

Some reasonable assumptions are given to simplify the

modeling problem:

(a) The body of robotic fish can be treated as N plates

jointed together.

(b) The robotic fish swims in still water, and it is not

affected by the influence of reflection wave from the

environment.

(c) The deformation of robotic fish’s surface can be

ignored except the motion of the joints.

(d) The motion of the robotic fish is analyzed in two

dimensions of the horizontal plane, which is the most

valuable and representative situation in the

propulsion.

The top view of the simplified multi-link structure is

shown in Fig. 3 with useful parameters labeled under XOY,

which is the world rectangular coordinate system (WRCS).

In the figure, li is the ith link of robotic fish, and also the

length of the link. hi is the angle between ith link and polar

axis. /i is the angle between ith link and extension line of

i - 1th link. The parameters hi, / i are both anti-clockwise

positive. (xi
g, yi

g) and (xi, yi) are the center of figure, the

center of gravity, and the end-point of ith link, respectively.

The joint angle /i can be calculted by Eq. 1.

The potential energy is constant Ep according to

assumption d). The kinetic energy of every link is the sum

of the kinetic energy of translation under WRCS and the

kinetic energy of rotation under the center-of-mass system,

so the Lagrange’s function is defined as follows:

Fig. 2 Prototype of the robotic fish
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where mi is the mass of the ith link and Ii is the moment of

inertia of the ith link with respect to the center-of-mass

system. x1, y1, h2 are selected as the generalized coordi-

nate, and let X ¼ x1; Y ¼ y1;H ¼ h2, and we get

L ¼ LðX; Y ;HÞ.
The hydrodynamic forces acting on the robotic fish are

determined by the instantaneous movement. A hydrody-

namic drag model is employed to analyze forces perpen-

dicular to the surface of swimming robotic fish, which has

been used extensively in the case of large Reynolds number

in the literature [7, 9, 14, 15], and it is:

F ¼ �lsgnðv?Þðv?Þ2 ð3Þ

where l = qCS/2 is the drag coefficient. q, C, and S are

the density of water, the shape coefficient, and the effective

area, respectively. v? is the projection of the velocity along

the direction perpendicular to the surface. The force acting

on the robotic fish is divided into three parts: pressure on

the links, approach stream pressure, and friction drag,

which can be calculated by Eq. 3.

Therefore, the composition of forces on the X- and

Y-axis and the ‘composition of moment on the joint point

(X, Y) can be derived,and then, a system of partial dif-

ferential equations of X; Y ;H can be obtained according to

the Lagrange’s equation of the second kind:

FX ¼ d
dt

oL
o _X
� oL
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dt
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dt
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The movement of the robotic fish is described by

XðtÞ; YðtÞ;HðtÞ, which are determined by the tail’s motion

law uiðtÞ, and it can be expressed as

ðX; Y ;HÞ ¼ fLð/1; . . .;/NÞ. The equations are complicated,

and they are solved by numerical method with boundary

conditions at initial time. This model could be generally used

in analyzing freely swimming motion of the robotic fish with

serial link structure without the assumption of non-oscillatory

head. For further details, refer to [16].

4 The gaits of backward swimming

The problem of backward swimming is attributed to the

selection of gaits: find out gaits of every links which make

the velocity of robotic fish’s swimming negative. To sim-

plify the searching, the carangiform motion is modified to

mimic the backward swimming of European eel according

to the motion mode.

4.1 The gaits space

The robotic fish’s locomotion is decided by the motions of

links, which can be considered as gaits of robotic fish. The

gait includes the amplitude and the phase of every link, and

it is defined as:

g ¼ fwi;Aiji ¼ 1. . .N � 1g ¼ fw1;w2;w3;A1;A2;A3g
ð5Þ

So the parameter space of all gaits is:

G ¼ fw1g � fw2g � fw3g � fA1g � fA2g � fA3g ð6Þ

The gait of forward swimming can be calculated

according to Eq. 1. The motion of the robotic fish can be

considered to be determined by the gaits regardless of body

wave curve. Different parameters and combination make

robotic fish swim differently. If the velocity of swimming

is negative with a set of gaits, it is the solution of the

problem, so we can search the gaits space G and calculate

the velocity to find the suitable gaits. However, the

dimension of space is dependent on the number of links,

and the search becomes very slow if there are more links.

Therefore, a bionic constraint is given to simplify the

problem: a gait can be calculated to make the robotic fish’s

swimming envelope mimic the features of backward

swimming of European eel.

Firstly, we analyze and summarize the kinematic fea-

tures of European eel’s backward swimming and give out a

Fig. 3 The simplified robotic

fish and some parameters

definition
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set of constrained conditions for searching the parameter

space G.

4.2 The backward swimming of European eel

As described in Sect. 2, the motion of backward swimming

for European eel is not a simple reversion of forward

swimming, and the body wave of backward swimming is

not given in [8]. We can summarize from [8] that:

(a) The oscillation amplitude of every segment is

uniform, about 1/6 of body length.

(b) The relative wavelength R, as the length ratio of the

fish’s oscillating part to a whole sine wave, is larger,

about R = 1.5.

(c) The wave frequency against swimming speed is

significantly higher.

Therefore, under the frame XbObYb defined in Fig. 4, a

form of sinusoidal function is adopted because it is widely

applied in experimental biology of fishes:

ybodyðx; tÞ ¼ Aback sin½kðx� vbackt � sÞ þ xt� ð7Þ

where Aback is the amplitude of the body undulation and we

can estimate it is 1/6 of the body length. vback is the

backward velocity of fish, s is the initial position.

One important difference between Eqs. 1 and 7 is that

they are under different reference frames: Eq. 1 is under

fish-body-fixed frame while Eq. 7 under inertial frame of

reference. The undulation amplitude of the rostral part of

the body during forward is very small and can be ignored;

therefore, Eq. 1 can be easily converted to control law of

joint motors for robotic fish [13, 16]. However, the

amplitude of rostral part during backward swimming is

much larger, and Eq. 7 under WRCS cannot be converted

to gaits of every joints with the same method. The problem

could be described as follows: a certain control law should

be found to make the robotic fish’s body envelope mimic

the kinematic characteristics of backward swimming of

European eel.

4.3 The envelope fitting

The swimming backward gaits of carangiform robotic fish

are to make the envelope of swimming body conforming to

the law of the European eel’s backward swimming.

According to the Eq. 7, the following algorithm is pro-

posed to calculate the gaits: once the shape of the sine

wave at some time is determined, the question is to search

appropriate joint angle /i,j to meet the condition that the

end-point of link lj falls into the spline curve and the

x-coordinate of the last link’s end-point (xN, yN) just equals

to 2pR. Therefore, the gait-searching constraint of back-

ward swimming at time t = j can be described as follows:

ðxi;j � xi�1;jÞ2 þ ðyi;j � yi�1;jÞ2 ¼ l2
i ðaÞ

yi;j ¼ Aback sinðkxi;j þ xjÞ ðbÞ
yN ¼ Aback sinð2pRk þ xjÞ ðcÞ
ðx1;j; y1;j; h1;jÞ ¼ fLð/1;j; � � �/N;jÞ ðdÞ

:

8
>>>><

>>>>:

ð8Þ

where (xi,j, yi,j) is end-point coordinate pair of the link lj at

the time j in an undulating cycle, j ¼ 0; 1; . . .;M � 1, and

i ¼ 1; 2; . . .;N. These bionic constraints reduce the feasible

region to be searched, and the gaits of every time can be

obtained by the numerical iterative algorithm.

The search result shows that the Ai got at different time

varied slightly, so we choose one of them that can satisfy

the constraint of all the time. When the solutions obtained

by the equations are not unique, the gaits of maximal

velocity are fvselected under the condition that the motor

work well. Thus, we can get the gait of backward swim-

ming g� ¼ fw�1;w�2;w�3;A�1;A�2;A�3g.

5 Simulations and experiment

5.1 Simulations of backward motion

The existing of the solutions of the algorithm means the

robotic fish can swim backward with some specifical gaits.

The solution for our robotic fish is shown in Fig. 5: A�1 ¼
0:314;A�2 ¼ 0:408;A�3 ¼ 0:628;w�1 ¼ 0;w�2 ¼ �1:24;w�3 ¼
�3:68(rad) and f = 1 Hz, with the head pointing to nega-

tive at initial time. The backward orientation is not the

direction which the robotic fish pointed to at initial time. It

is because that the forces acting on robotic fish are not

symmetrical when it starts. The steady average velocity is

-0.049 m/s.

We executed the search on some parameters of other

robotic fish and found that no solutions can be obtained by

the algorithm with given errors in some cases. For exam-

ple, the robotic fish with too long first link cannot mimic

the swimming backward motion of European Eel. How-

Fig. 4 The definition of reference frame XbObYb
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ever, the suffcient and necessary conditions of solution is

relative to the robot’s geometrical parameter, the motor’s

model, the cause of fluid force, and so on. The problem is

too complicated, and the theoretical analysis will be

researched in future works.

5.2 Experiments

Experiments are conducted in an experiment pool. An

overhead camera is inducted to capture the video of the

robotic fish motion, and the computer recognizes and

records the real-time position of the robotic fish. The results

show that the dynamical/kinematical analysis and the gaits

of motion are feasible. The velocity reaches the highest

at the frequency of f = 1.46 Hz and vmax = 6.1 cm/s. the

robotic fish moves smoothly in the water and the results are

very close to the simulated results when f B 1.46 Hz, or

else it will stagnate and become disorderly because the

violent wave destroys the hydrodynamic characteristic

severely at higher frequency, and it is not conformed to the

assumptions (b) in Sect. 4. The experimental data and

simulated results do not agree well, too. When the fre-

quency is lower than 0.74 Hz, the backward swimming is

too slow to measure, which fits the feature (c) of the

European eel’s backward swimming in Sect. 5

6 Conclusions

The backward swimming motion of biomimetic carangi-

form robotic fish is discussed in this paper. Firstly, a pro-

totype of carangiform robotic fish and a motion model of

free swimming were inducted. Secondly, a gaits planning

method was proposed to search backward swimming gaits

for carangiform robotic fish by mimicking the body enve-

lope of European eel’s backward swimming. Simulations

and Experiments verified the feasibility of the proposed

method.

The further optimization should be researched, such as

the velocity, the power dissipation, and the efficiency, and

there are some technical difficulties. The moment-speed

model of the motors is unknown, so the constraint of

moment is unavailable in the optimization problem. On the

other hand, results of optimization often make the motor

work under extreme condition such as maximal angular

speed. The motor’s moment reduces severely according to

the experience, and the robotic fish would not swim nor-

mally. The optimization of the motion parameters will be

researched in future works.
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