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Abstract

The disadvantages caused by the swing of a fish body were analyzed. The coordinate system of a two-joint robot fish was

built. The hydrodynamic analysis of robot fish was developed. The dynamic simulation of a two-joint robot fish was carried out

with the ADAMS software. The relationship between the swing of fish body and the mass distribution of robot fish, the rela-

tionship between the swing of fish body and the swing frequency of tail, were gained. The impact of the swing of fish body on

the kinematic parameters of tail fin was analyzed. Three methods to restrain the swing of fish body were presented and dis-

cussed.
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1 Introduction

The robot fish is a focus in bionic research, and the
dynamics of robot fish has not been fully understood yet.
wul'l presented the “Two-dimensional Waving Plate
Theory” to analyze the dynamics of Carangiform fish in
1961. Lightill™ utilized the “Elongated-body Theory” to
study the dynamics of Carangiform fish in 1970. Con-
sidering the change of the heaving amplitude of tail fin,
Lightill[3] presented the “Large Amplitude Elon-
gated-body Theory” in 1971. In 1977, Chopra and
Kambe!*! developed the “Two-dimensional Resisting
Force Theory” adapted to the large amplitude propulsive
system with lunate tail fin. Tong e al.””) presented the
“Three-dimensional Waving Plate Theory” to analyze
the accelerated performance of fish and the evolution of
trailing vortex. Su e al.'® studied the hydrodynamic
force of tail fin by dividing the surface of tail fin to
minute elements.

People have done vast research on the dynamics of
fish, but few attentions were paid to the swing of fish
body in the dynamic analysis of robot fish. The swing of
fish body could make the heaving motion amplitude and
the attack angle of tail fin deviate from the optimal
values, and hence reduce the propulsive force and effi-
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ciency. Furthermore, the swing of fish body would
damage the propulsive stability, impact the reliable op-
erating of sensor-based system.

We present our study in the following four sections.
The coordinate system of two-joint robot fish is built in
Section 2. In Section 3, the hydrodynamic analysis of
two-joint robot fish is developed. In Section 4, the dy-
namic simulation of a two-joint robot fish was con-
ducted with the ADAMS software to study the swing of
fish body, and three methods to restrain the swing of fish
body are presented and discussed. The conclusion is
summarized in Section 5.

2 Foundation of coordinate system

As the two-joint robot fish is the most fundamental
type, we take it to proceed the research. Fig. 1 shows the
basic structure of two-joint robot fish, which contains a
fish body, a tail and a tail fin. There is a rotational joint
between the fish body and tail, and another rotational
joint between the tail and tail fin. The robot fish gains
propulsive force by pitching motion of the tail and tail
fin.

Fig. 2 shows the coordinate system of two-joint
robot fish. The origin points, O,, O, and O, , are on the
center line of robot fish. The origin point O, is the
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barycenter of fish body. O,Z, is the axial line of the
rotational joint between the fish body and tail. O,Z; is
the axial line of the rotational joint between the tail and
tail fin. O— XYZ is the static coordinate system.
O, - XY, Z, is the dynamic coordinate system of fish
body. O, — X,Y,Z, is the dynamic coordinate system of
tail. O, — X,Y,Z, is the dynamic coordinate system of
tail fin.

Rotational joi

Fig. 2 Coordinate system of the two-joint robot fish.

The attack angle of tail fin is the angle between the
center line of tail fin and the tangent of the trace of point
O, . The heaving motion amplitude of tail fin is the
projection of the distance between two adjacent extreme
positions of point O, on the direction normal to the
swimming orientation of robot fish. The swing ampli-
tude of fish body is the sum of the angles between two
adjacent extreme positions of the center line of fish body
and the swimming orientation of robot fish.

3 Hydrodynamic analysis of robot fish

3.1 Force analysis of robot fish

The swimming principle of fish is very complicated.

The domain of the Reynolds number, Re, during the
swimming of Thunniform fish is 10° —10°, and in this

domain the viscous force could be ignored because it is
very small compared with the apparent force!”).

Fig. 3 shows the force analysis of robot fish on the
condition that the underwater depth of robot fish keeps
unchanged. The tail and tail fin are simplified to flat
plates with large rigidity. The hydrodynamic forces of
fish body are divided to a equivalent force F,, along
OX, a equivalent force F,, along OY and a equivalent
resistance moment M, around O,Z;. F, is the equiva-
lent force of the tail. L is the distance between O, and
the action spot of F,. F, is the equivalent force of the
tail fin. L, is the distance between O, and the action
spot of F3. M, is the driving moment of the rotational
joint between fish body and tail. M, is the driving mo-
ment of the rotational joint between tail and tail fin.
Nearly 90% propulsive force of Thunniform fish is from
the tail fin!”, so in the following study set the hydrody-
namic force of tail as F, = 0.

Fig. 3 Force analysis of the two-joint robot fish.

3.2 Hydrodynamic model of fish body
In irrotational, inviscid and incompressible fluid,
utilizing the Bernoulli equation, the pressure on the

surface of a body is given as'®

(40]
o D

PO=po+ 3 A0 - OF 1
where V(x,y,x,t) is the current velocity of the fluid,
p,(¢) is the pressure of point £, (x,y,z,¢) on the surface
of the body, p, is the pressure of point O(x,,,,z,) on
the border, p is the density of fluid, V,(¢) is the resul-
tant velocity of point £, ¢(¢) is the disturbed velocity
potential of point .

The pressure function p,(x,y,z,t) on the surface
of fish body could be developed from Eq. (1). Dividing
the surface of fish body to minute elements, dS indi-
cates a random surface element, (x,y,z) is the position
of the center of dS in the coordinate system O — XYZ ,
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(x,,¥,,2,) is the position of the center of dS in the co-
ordinate system O, — X,Y,Z,, then the force on element
dS is given as:

dF =[-p,(x,y,z,t)dS]n,, )]
where g is the unit normal vector of dS'.

The component of dF on OX is given by the rela-
tionship:

dF, =dFen, =[-p,(x,y,z,t)dS]ngen, . (3)

The component of dF on OY is given by the rela-
tionship:

dF, =dF-n, =[-p,(x,y,2,t)dS|ngn, . 4)

Then F,,, F,, and M, could be given by the re-
lationships:

Fiy = I.[SB dF, = IJSB[_pl(xvyﬁzvt)]ng'nxds, %)
By = HSB dF, = '”Ss [-p,(x,y,2,0)ngen,dS ,  (6)

M, = jjs (dF,x, —dF,y,)

- .USB [p(x,,2,0)]n5+(ny y, — 1y x,)dS, (7

where S, is the exterior surface of fish body.

Define C,, indicates the drag coefficient of pro-
pulsion, C,, indicates the drag coefficient of side
movement, C indicates the drag coefficient of the
swing of fish body. C,,, C, and C|; are given by Eq.
(8). The exact value of C,,, C, and C; could be
gained by underwater test.

— FBX
T ey Ay /2
F

CIY = + > (&)
PVyo Ay 12

M]

Cs=—% 4 3
pPOLI(L,—L) /L +L]4,/8

where F), isthe component of the hydrodynamic force
of fish body on OX,, V,, is the component of the
velocity of O, on OX,, A, is the projection area of
fish body on the plane Y,0,Z,, F}, is the component of
the hydrodynamic force of fish body on OY;, V},, is the
component of the velocity of O, on OY,, 4, is the

projection area of fish body on the plane X,0,Z,, 6,, is
the angle between O,.X; and OX, L, is the length of fish
body, L, is the distance between O, and O, .

F,

The transformation between F, W sy and

BX >
F,, is given by the relationships:

{ Foy =Fy 005910 + £y sin 010 9)

Fpy =—Fy smz910 +Fy C05‘910

3.3 Hydrodynamic model of tail fin

Based on the drag equation of flat plate[g], take the
normal velocity of the barycenter of tail fin as the ve-
locity of fluid, the hydrodynamic force of tail fin is given
by the relation:

F=CpV24,12, (10)

where C; is the drag coefficient, V. is the velocity
component of the barycenter of tail fin on O.Y;, 4, is
the projected area of tail fin on the plane X,0,Z,.

4 Dynamic simulation of robot fish

4.1 Virtual prototype of robot fish

The dynamic simulation of two-joint robot fish was
conducted with the ADAMS software. Fig. 4 shows the
dimensional parameters of robot fish virtual prototype
(unit: mm). The front part of fish body is a half ellipsoid.
The middle part of fish body is a cylinder. The end of
fish body is a cone. There is a slot used to set the tail in
the end of fish body. The tail of robot fish is a cane bar.
The tail fin of robot fish is a thin rectangular plate.

During the dynamic simulation, the pitching mo-
tions of tail and tail fin are given by Egs. (11) and (12).

6, =0,,.. sin(2xft), (11)

931 = 93]max Sln(znﬂ - 900) s (12)

where f is the frequency of pitching motion, 6,, is the
angle between O, X, and O.X,, 6,,,.. is the amplitude

of 6,,, 6, is the angle between O,.X, and OX,, 6,
is the amplitude of 6, . In this condition, the tail fin

Imax

gains propulsive force in the whole pitching motion
cycle.

Based on the hydrodynamic analysis, the hydro-
dynamic forces added on the robot fish are gained as
follows.
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Fig. 4 Dimensional parameters of the robot fish virtual prototype.

(1) Hydrodynamic force of the tail fin. Re of
Thunniform fish during swimming is much greater than
10°, and the aspect ratio of tail fin is 2.5, thus'®:
C, =1.105. Set the parameters as: p = 1% 10’ kg'm™ and
A4, =0.025 m’, then the hydrodynamic force of tail fin
is gained by Eq. (10):

F,=C ,0ch3 A4,/2
=1.105x10° x Vci x0.025/2 = 13.8125VC23. (13)

(2) Hydrodynamic force of the fish body. Set the
parameters as: Ay = 0.038 mz, Ay = 0.176 mz,
L,=1.019 m and L =0.574 m. The profile of robot
fish virtual prototype is similar to a torpedo. People have
gained mass data about the drag coefficients of tor-
pedo™). During the dynamic simulation, set drag coef-
ficients as™: C, =04, C, =0.85, and C,, =0.85,
then the hydrodynamic forces of the fish body are gained
by Eq.(8):

Fyy = pClXV/\%OlAX /2
=10"x0.4xVy, x0.038/2=7.6V;, ,  (14)

Fyy = IDCWVYZO1 Ay 12
=10’ ><0.85><VY20] ><0.176/2=74.8VY201, (15)

M, = pCO2[(L, —L)* /L +L14,/8
=10’ x0.85x 02 x[(1.019 —0.574)* /0.574 + 0.574°]
x0.176/8=4.816. (16)

4.2 Analysis of the swing of fish body
Fig. 3 shows the hydrodynamic forces of robot fish,

and those hydrodynamic forces have been developed in
subsection 4.1. Egs. (13) to (16) are used to calculate
forces on the robot fish in the dynamic simulation. The
quantitative analysis of swing of fish body can be de-
veloped by ADAMS software, although errors between
the simulation results and the true values are unavoid-
able.

In the dynamic simulation, m, indicates the mass
of fish body, m, indicates the mass of tail and m, in-
dicates the mass of tail fin. Set the parameters as:
m,=03 kg, my=02 kg and 6, . =6, =25 .
The analysis mainly focuses on the following three
problems:

(1) The relationship between the swing of fish body
and the mass distribution of robot fish. During the
simulation, set the pitching frequency of the tail as:
f =2 Hz, change m, by the density, Fig.5 shows the
simulation results.
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Fig. 5 Plot of the swing amplitude of fish body
versus m, /(m, +m;) .

The curve in Fig. 5 states that the swing amplitude
of fish body reduces as m, /(m, +m,) increases, and the
reduction of swing amplitude tends to be little when
m, /(m, +m,) is larger than 50. Therefore, during the
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design of robot fish, the swing of fish body could be
restrained by increasing the mass of fish body and de-
creasing the masses of tail and tail fin.

(2) The relationship between swing of the fish body
and pitching frequency of the tail. Set the mass of fish
body as: m, =25.5 kg, Fig. 6 and Fig. 7 show the
simulation results by changing the pitching frequency of
tail.
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Fig. 6 Plot of the swing amplitude of fish body versus the

pitching frequency of tail.
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Fig. 7 Plot of the swing frequency of fish body versus the
pitching frequency of tail.

The curve in Fig. 6 states that the swing amplitude
of fish body decreases as the pitching frequency of tail
increases from 0.6 Hz to 5 Hz, and when the pitching
frequency of tail is larger than 2 Hz, the decrease in
swing amplitude becomes minute. The curve in Fig. 7
states that the swing frequency of fish body is the same
as the pitching frequency of tail.

(3) The impact of the swing of fish body on the
motion parameters of tail fin. Set the pitching frequency
of tail as: f =2 Hz, and change m, to do the simula-
tion. Fig. 8 shows the results. Curve 1 in Fig. 8 shows the
relationship between the decrement of the heaving am-
plitude of tail fin and m, /(m, +m,). Curve 2 in Fig. 8
shows the relationship between the decrement of the
maximal attack angle of tail fin and m, /(m, +m;) .
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Fig. 8 Plot of the decrement of the maximal attack angle and
heaving amplitude of tail fin versus m;/(m,+mj).

Curves in Fig. 8 state that the swing of fish body
could reduce the heaving amplitude and the maximal
attack angle of tail fin. The decrement of heaving am-
plitude increases with the decrease inm, /(m, +m,), and
it becomes distinct after m, /(m, + m,) is smaller than
10. The decrement of maximal attack angle increases
with the decrease in m, /(m, +m,).

4.3 Restraint of the swing of fish body

The simulation results show that the swing of fish
body reduces the heaving amplitude and changes the
attack angle, which could impact the propulsive force
and efficiency. Furthermore, the swing of fish body
destroys the propulsive stability of robot fish and the
reliable operating of sensor-based system. It is signifi-
cant to study the methods to restrain the swing of fish
body, and three ways are presented:

(1) Installation of dorsal fin and ventral fin. This
idea is inspired by the real fish. The dorsal fin and ven-
tral fin can increase M, in Fig. 3, which inhibits the
swing of fish body. The inhibition turns better as the
effective areas of fins increase. But the dorsal fin and
ventral fin may destroy the mobility of robot fish and
increase the difficulty of sealing.

(2) Installation of vibration absorber. As shown in
Fig. 9, a vibration absorber is set inside the fish body to
restrain the swing. The vibration absorber contains an
elastic element, a damping element and a mass element.
k 1is the elastic coefficient, m is the mass, c is the damp
coefficient. Set the parameters as: f= 2 Hz, m; = 10 kg,
k=0, m=1.0 kg, change ¢ during the simulation,
Fig. 10 shows the simulation results.
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Fig. 9 Vibration absorber to restrain the swing of fish body.
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Fig. 10 Plot of the swing amplitude of fish body versus
the damp coefficient of vibration absorber.

Fig. 10 states that the swing amplitude of fish body
decreases as c¢ increases, and the decrease become
minute when ¢ is larger than 40 N-s'm . Therefore, a
vibration absorber with rational parameters could re-
strain the swing of fish body. This method has no effect
on the surface of robot fish, which makes the sealing
very simple.

(3) Robot fish with parallel tails. The swing of fish
body is caused by the cross components of the hydro-
dynamic force and apparent force of tail and tail fin. So
methods making the cross components of hydrodynamic
force and apparent force equal to zero could ensure the
robot fish swimming with no swing of fish body. Then
the idea that the robot fish with parallel tails was pre-
sented. The same two tails work with symmetrical
pitching motion, and the cross components of hydro-
dynamic force and apparent force cancel out reciprocally,
which eliminats the swing motion of fish body finally.
Then the robot fish could work with the given motion
parameters of tail fin. Furthermore, the robot fish with
parallel tails could do smart turning with one tail works
and the other one keeps rest.

A parallel robot fish virtual prototype was devel-
oped to test the specialty of robot fish with parallel tail.
The parallel robot fish virtual prototype contains two

robot fish in Fig. 4 and connects two fish bodies together.
One tail pitches as Eqs. (11) and (12), and the other tail
pitches with symmetrical motion. Then the tails gain
propulsive force in the whole pitching motion cycle. The
hydrodynamic forces were added on each single robot
fish respectively according to Egs. (13) to (16). Set pa-
rameters as: m, =25.5 kg,m, =03 kg, m; =02 kg

and 6. =0,

imax = Gsimae = 257, change the pitching frequency
of tail to do dynamic simulation, Fig. 11 shows the re-

sults.
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—&— Parallel robot fish
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Fig. 11 Plot of the swimming velocity of robot fish versus
the swing frequency of tail.

Fig. 11 states that parallel robot fish gains higher
propulsive velocity compared with the single robot fish.
Dynamic simulation of the robot fish with parallel tails
shows that the parallel robot fish has no swing motion of
fish body.

5 Conclusion

The disadvantages of the swing of fish body were
analyzed. The hydrodynamic analysis of two-joint robot
fish was developed, and the models of the hydrodynamic
force of fish body and tail fin were built. The dynamic
simulation of robot fish was finished with the ADAMS
software. The simulation results show:

(1) The swing amplitude of fish body reduces as
m, /(m, +m,) increases, and the decrease of swing am-
plitude tends to be little after m, /(m, +m,) is larger than
50. During the design of robot fish, the swing of fish
body could be restrained by increasing the masses of fish
body and decreasing the masses of tail and tail fin.

(2) The swing amplitude of fish body decreases as
the pitching frequency of tail increases.

(3) The swing frequency of fish body is as same as
the pitching frequency of tail.
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(4) The swing of fish body could reduce the heav-
ing amplitude and maximal attack angle of tail fin. The
decrement of heaving amplitude increases with the de-
crease in m,/(m,+m,) , and becomes distinct after
m, /(m, +m,) is smaller than 10.

Based on the simulation results, three methods to
restrain the swing of fish body are presented:

(1) Installation of dorsal fin and ventral fin. The
structure of robot fish would be very simple, but the
dorsal fin and ventral fin may destroy the mobility of the
robot fish, and make the sealing difficulty.

(2) Installation of vibration absorber. This method
makes the sealing very simple.

(3) Robot fish with parallel tails. This method
eliminates the swing motion of fish body. Furthermore,
the robot fish with parallel tails could do smart turning
with one tail works and the other one keeps rest.

During the simulation, the hydrodynamic force of
tail was ignored, which could result in the errors be-
tween the simulation results and the true values. But
considering that the hydrodynamic force of tail is minute,
the simulation results could describe the motion of robot
fish. The simulation results could guide the design of
robot fish.
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