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Abstract: This paper presents the design and the analysis of a “fish-like underwater robot”. In order to develop swimming

robot like a real fish, extensive hydrodynamic analysis were made followed by the study of biology of the fishes especially

its maneuverability and propel styles. Swimming mode is achieved by mimicking fish-swimming of carangiform. This is the

swimming mode of the fast motion using its tail and peduncle for propulsion. In order to generate configurations of vortices

that gives efficient propulsion yawing and surging with a caudal fin has applied and in order to submerge and maintain the body

balance pitching and heaving motion with a pair of pectoral fin is used. We have derived the equation of motion of PoTuna by

two methods. In first method, we use the equation of motion of underwater vehicle with the potential flow theory for the power

of propulsion. In second method, we apply the method of the equation of motion of UVM(Underwater Vehicle-Manipulator).

Then, we compare these results.
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1. INTRODUCTION

Fish are very impressive swimmers in many ways, and it is
possible that submersible robots swimming like fish might
be superior to submersibles using propulsors. For example,
fish-like robots might be more quieter, more maneuverable,
and possibly more energy efficient.

Nearly 70 years ago, Sir James Gray put forward the so
called Gray’s Paradox which stimulated much research and
controversy[1], [2], [3]. The paradox suggests that if the re-
sistance of an actively swimming dolphin is equal to that of
a rigid model towed at the same speed, the dolphin’s mus-
cles must be capable of generating at least seven times more
power than is typical of mammalian muscle[1l]. In recent
years, Triantafyllou et al.[3], [4], [5] proposed an explana-
tion of Gray’s paradox. He proposed that fish are able to
utilize the energy that exists in the eddies of an oncoming
flow by repositioning the vorticities and the fish’s oscillating
swimming motion induces flow relaminization which serves
to reduce the body drag[13].

While a variety of propulsion schemes have been investi-
gated, most investigations of fish-like swimming have focused
on carangiform-like swimming. In carangiform swimming,
the front two-thirds of the fish’s body moves in a largely
rigid way, while the propulsive body movements are confined
mainly to the rear third of the body-primarily the tail[12].
Kelly et al.[16], [17] derived the equations of motion of a sub-
merged foil in standard control-affine form via the method of
reduced Lagrangian in a geometric framework. Up to now,
many experiments and dynamic analyses are concentrated
on the forward and turning motion of fish-robot[10],[11],[15].
In this paper, we consider the design of a carangiform fish
robot and its 3D dynamic analysis. We have derived the
equation of motion of fish-like robot by two methods. We ap-
ply the potential flow theory for tail power and the method of
UVM (Underwater Vehicle-Manipulator). Then, we compare
these results. The rest of the paper is organized as follow.

Fig. 1. The Picture of fish robot-PoTuna

Section 2 describes the design of fish-like robot(PoTuna).
Section 3 presents the dynamic model of the fish-like robot.
Section 4 contains some concluding remarks.

2. Hardware Apparatus

We try to develop a high speed and submergible fish robot.
For high speed, we mimic tuna with carangiform mode and
lunate tail. Tuna’s body is so rigid and well-streamlined that
it’s suitable for high speed. We use the lift force of a pair of
pectoral fin for submerging and the ventral fin for turning.
We try to develop the unit-type fish robot, which consists of
several components as a power unit and a control unit. The
fish robot named PoTuna has about 1 m of body length and
25 kg of body weight. Figures 1 and 2 are a picture and a
schematic of PoTuna.

It consists of a tail unit, a battery unit, a R/C unit, a pec-
toral unit. Tail unit has a RC motor and peduncle/tail mech-
anism, this is underactuated system with one motor for two
link. Battery unit is used 7.2V, 3300mAh Ni-Mh. R/C unit
is included a RF receiver and a 8051 controller. Pectoral unit
has two servos and mechanisms for turning and up-down mo-
tion.

The body shape of fish robot affects strongly to propulsive

1580



Fig. 2. The Structure of fish robot-PoTuna

performance like swimming speed. Of course, the body is
wished to have little drag in the swimming. However, we
cannot decide the body shape with only hydrodynamic con-
siderations. Because, it must be well-balanced to the center
of gravity and the buoyant position, and it is limited from
the location of every mechanical components. The design
points for the body are as follows.

o The body shape is matched to the location of
mechanical components,

o Well-balanced design between the total volume
(displacement) and the total weight is required,

o Well-balanced shape between the center of gravity and
the buoyant point is required,

o A few drag force is required,

o A few perturbation of water flow is required around a
tail fin,

o A simple shape is better for easy building.

3. System Modeling

In this section, we will derive the equation of motion for
PoTuna using two method.

3.1. PoTuna Modeling using the Potential flow the-

ory

In first method, we consider that PoTuna’s body is rigid
and the force by tail oscillation is a kind of external force
as drag, thrust, and so forth. We assume that the fluid flow
is inviscid, incompressible and irrotational and also that the
fluid is at rest at infinity. Under these assumptions, the
hydrodynamic forces and torques that act on the foil are
determined using potential flow theory[6],[7]. The presence
and effects of free and central vortices are ignored for the
purpose of motion planning and controller design, and are
treated as disturbances. Figure 3 shows the coordinate frame
of fish robot using potential flow theory.

3.1.1 The Dynamic Equation of Fish Body
The motion of a rigid body in a 3D space can be expressed
as[14]:

Mgpd + Cre(q)a="7 1)
where Mgrg, Crie(q) are the inertia matrix and the Cori-
olis/Centripetal matrix of fish body, respectively, n is the
position of fish robot with respect to the inertial frame, q
is the velocity of fish robot with respect to the body fixed
frame(Bth frame) and 7 is given by:

T = TREST + TbAMP + TADD + TFK + TEXT

TDAMP = TPDMP + TWDMP + TSKIN + TVORT

]

Z

f

Fig. 3. The Coordinate frame of fish robot-PoTuna using
potential flow theory

where TresT denotes the restoring forces and moments, due
to weight and buoyancy, Tpamp denotes the forces and mo-
ments due to different type of damping, 7app denotes the
added mass forces and moments due to the inertia of the sur-
rounding fluid, 7rk denotes the Froude-Kriloff forces, which
are due to the inertia matrix of the displaced fluid and TexT
denotes a generic external force which can be considered the
force by tail oscillation. The final equations of motion are
given:

n=J(m4a (2)

(Mgg + Ma)q,. = Tcor + Toamp + TresT + TExT  (3)

where J is the transformation matrix of Bth frame with re-
spect to inertial frame, q,. is the relative acceleration between
fish robot and fluid, and other force and moment terms are
given by:

TresT = —8(N) = T4(n) + To(n)
Tpamp = —D(q, a)q,
Tcor = —Cra(q)q — Ca(q,)q,

where « is the angle of attack.

3.1.2 The External Force by Tail Oscillation
Consider an elliptical Joukowski foil whose profile is de-
scribed by a set of points in the complex plane S € C =
{z = z+1y} with € R in the direction of the chord length,
and y € R in the direction normal to it. S is the image of the
unit circle C = {¢ = ¢%,8 € [0,27]} under the Joukowski
mapping F' := ¢ — z given by:
o2

C+Ce

where a and (. determine the shape of the foil. The complex

z2=F():=C+C+ (4)

potential for the flow around the Joukowski foil is given by:

w(z) =U(wi () + V (Owa(C) + HAthwa(C)
+re(®wa () + 3 ws (G Gul(1)) 5)
k
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Here, ¢ = F~!(2), and U(t),V(t) are the absolute veloci-
ties in the directions parallel and perpendicular to the foil’s
chord, and Q(¢) is the angular velocity of the foil respectively.
e is the strength of the central vortex, and 5 and F(Cx(t))
with k=1,---
free vortices. Once the complex potential has been defined,

,nk are the strengths and locations of the ng

we can derive force per unit span X and Y along the z and
y using Milne-Thomson’s method[6].

X +iY = — U(ma1 + ima1) — V(maz + imaz)
- Q(mls + imae) + QU (ma1 — ima1)
+ QV (maz — imia) + Q% (mas — imag) (6)
F (W 4 Q)T + i%[ZﬂZl (240
— 2l — 2774

where the added mass coefficient

4
a
maii = 7T’I"3 7271'(124“7('7"3@
mi2 = 0
mai = 0
2 2 2 a'
mao2 = 7T7“C+27Ta +7TTCW
_ aic
mig = Im| — WTCCC — 21a? §c + 27 —<62
6 -
2 a’Ce
e =0y
r 4
mas = Re|mriCe +2ma’. —2n 2" e
r2 — §2
65 .
2 ad(e
NGETDH
2 2
T a
Zy = Vi (TC + )
Xk: G Gl
dzk
7. — paiadad
2 k dat

The moment is given:

M =—Ume1 — Vimea — Qmes — Umay + V>maa
+ UV (mi1 — ma2) — UQmas + VQmas

7
R e =)

— 2185 + Re[W (21 Zs — T'C.))]

where
me1 = Mie
me2 = 126
5 4 a?s® — 2r2s?
mMee = ™ [2a4 + 20/2(52 + 2@4—’72_—62)27,
8 2 26° —7’2 7’3 ! 2
+a ’I“C( — 57y — 62+7“C5
4 QCL +Tc 64
T }
ng a2r?
S = Re| 2 4+ ————%
' ;“ { G GGt G
e )
(62 —=72)(Ck +Ce)  Cr+Ce

Sy = QWZWRe(—zk)
- 2
T %Z”’“(c ck+cc>

and W = U + ¢V is the linear velocity in the z = iz + y
plane, and €2 is the angular velocity, and we assume that we

don’t consider free and central vortices, that is, ., % and
I" equal 0. Then the forces and torques per unit span and
mass by tail oscillation is given by:

X = —Umi — Qmis + QVmaz + Q%mas
Y = —Vmgz — szﬁ + QU’ITLH — szlf}
M = —Umg — Vmez — Qmes + UV (mi1 — ma2)

—UQ’IRQG + VQ’I’VMG

Then
n n n T
TEXT = [Z pX Z pY 0 0 O Z pM} (8)
k=1 k=1 k=1

where p is the density of water.

3.2. PoTuna Modeling using Kane’s method

In this subsection, we will develop a dynamic model for a
PoTuna using Kane’s dynamic equation. We will select the
N = 8 generalized velocities of the system as:

. . 1T
A= |vs vy V. Wz wy w, 61 92] (9)

where (v, vy, v,) is the linear velocity of the fish robot with
respect to the inertial frame expressed in the Bth coordinate
frame, (wg,wy,w:) is the angular velocity of the fish robot
with respect to the inertial frame expressed in the Bth co-
ordinate frame, and (91, 92) which are the joint velocities of
the peduncle and tail, respectively. Figure 4 and Figure 5
show the 3 dimensional coordinate frame and 2 dimensional
coordinate frame of fish robot using Kane’s method[9], re-
spectively.

3.2.1 Kinematic Analysis

The kinematic task is more tractable and systematic if we ex-
ploit the use of Denavit-Hartenberg(D-H) coordinate frames.
Figure 1 illustrates the coordinates that we have selected for
our system. The position vector of the C.M. of the peduncle
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Fig. 4. The 3 dimensional Coordinate frame of fish robot-
PoTuna using Kane’s method

Fig. 5. The 2 dimensional Coordinate frame of fish robot-
PoTuna using Kane’s method

with respect to the C.M. of the fish body expressed in the B
coordinate frame is given by:

Cxp

C ~ ~
pp = | 7| +Aper = c5+ALch (10)
ZB

1

where + denote the addition of the physical coordinates of
the two homogeneous vectors on the right hand side, AL is
the homogeneous transformation from coordinate frame P
to coordinate frame B, and ¢k is the position vector to the
C.M. of link P expressed in frame P. The position vector of
the C.M. of the link T with respect to the C.M. the vehicle
is given similarly by:

p7 = cp+ALALcT (11)

The angular velocity of the fish body with respect to an
inertial frame F, expressed in the Bth coordinate system is
given by:

B 12

w? =w,ip + wylYB +w:2B (
where the hat denotes a unit vector and the notation Fw?®
denotes the angular velocity of frame B with respect to frame
E expressed in the Bth coordinate frame. The angular ve-
locity of peduncle and tail with respect to the inertial frame

expressed in the Bth coordinate frame is given by:

BuP _ BB BLP _EB 5 (13)
E(&JT _ E(&JB +BwP _’_AngT
= EUJB + BwP —+ AIBDOQ,QP (14)

where Ag denotes the rotation submatrix of A5, Bwf is

the angular velocity of peduncle with respect to body and
PwT is the angular velocity of tail with respect to peduncle.
The linear velocity of the C.M. of the body with respect to
the inertial frame, expressed in the Bth coordinate system
is given by:

VB = 0,08 + vyl + V.28 (15)
The linear velocity of the C.M. of an peduncle or tail with

respect to the inertial frame, expressed in the Bth coordinate
frame is given by:

dp?
dt

B B

+Fw? x pf (16)

The angular acceleration about the C.M. of the vehicle with
respect to the inertial frame, expressed in the Bth coordinate
frame is given by:

FaP = b,ip + oyip + 228 (17)
The angular acceleration of an peduncle or tail with respect
to the inertial frame expressed in the Bth coordinate frame
is found from the following:

B i dsz

o =— + Pwlf x Pt (18)

The linear acceleration of the C.M. of the vehicle with respect
to the inertial frame, expressed in the Bth coordinate frame
is given by:
d B

ap = % +FPuP xvi (19)
The linear acceleration of the C.M. of peduncle or tail with
respect to the inertial frame expressed in the Bth coordinate
frame is found similarly by the following:

B _ dvf E B

a; = — + Pw? x v (20)

where i denotes the peduncle or the tail.

3.2.2 Inertia Forces

The generalized inertia force of the system requires that we
develop expressions for the inertia force and torque of each
part in the system. The inertia forces of body, peduncle and
tail are given by the following:

R; = —m;a; (21)

where m,; is the mass of fish body, peduncle or tail. The
inertia torques of body, peduncle or tail are given by the
following:

T = 17 . Fol — Bl x IF . B! (22)

where IZ is the central inertia matrix of fish body, peduncle
or tail, expressed in the Bth coordinate frame. The general-
ized inertia force for the system is now found to obtain the
following;:

E, i B
Fr= ) (a w4 ~R;*)
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3.2.3 Gravity Forces
Gravity can be treated as a generalized active force which
acts at the center of mass of each part in the system. The
forces due to gravity acting on fish body, peduncle and tail
are given by:

Rgravi = migB (24)

where g® = [g., gy, 9:]" is the gravity vector expressed in
the Bth coordinate frame. The generalized active force due
to gravity is given by the following:

aVzB B
(Fr)gravity = Z Mis 8 (25)
i=B,P,T qr

3.2.4 Hydrodynamic Forces
The hydrodynamic forces induced by the motion of a rigid
body in an underwater environment are very complex and
highly nonlinear. The forces may be developed using incom-
pressible fluid flow using Navior-Stokes equation, and rarely
lead to a closed form solution. As is often the case, these
forces may be treated as lumped approximations for certain
applications within certain underlying assumptions. The net
effect of added mass, buoyancy, Froude-Kriloff, and drag are
often treated as the superposition of each individual force.
The added mass force results from the interaction of fluid
in the immediate vicinity of a submerged link which is ac-
celeration on the fluid through a pressure distribution which
acts on the link body. The force required to accelerate the
surrounding fluid results in an effective inertia which can be
modeled with a 6 x 6 positive definite added mass inertia
matrix, I4. In general the 36 elements of the added mass
matrix, I4, for a body in a real fluid would be distinct and
may be determined from experimental testing techniques. It
has been shown by McMillan et al.[8] and can be derived
from Fossen[14], that the inertia force and torque of a sub-
merged body induced by the added mass phenomena has the
following form:

* . B ~i B
RA,i — _1B Vi 0 G Vi
= —1y, il — |~ ~i| LA,
sz Q sz v? sz i EwB,P,T
where &t and vP are skew symmetric matrices, and If{’i

is the 6 x 6 added mass matrix for body, peduncle or tail
expressed in the Bth coordinate frame. Substituting these
two equations into results

. 7IAi E i
TAi «

By xv?}
i

We can account for the relative acceleration and velocity of
the fluid by introducing the following relationship:

T B B
T B B

where, vf" is the velocity of the fluid expressed in the Bth
coordinate frame, and a}g is the acceleration of the fluid ex-
pressed in the Bth coordinate frame. The final form of the

inertia force and torque resulting from added mass is now
given by:
Ri, | _ B
T, |

+IA1‘ E

B aj Bt xvr
—I4 ) : .
i | E 1 2 ><E 7

EC:JZ 0 IB V:
— | . . A .
V{ sz i sz

The generalized inertia force due to the added mass for the
entire system is then given by the following;:

(Fr)am = Z < d -TAI.+L~RA1.) (26)

i=B,P,T 9gr 9r

This is a general formulation for the incorporation of the
hydrodynamic force and torque into the dynamic model. No
assumptions were necessary on how the coefficients of the
added mass matrix are derived.

The buoyancy force is proportional to the mass of the fluid
displaced by the body, peduncle and tail and acts through
the center of buoyancy of the body, peduncle and tail. For a
homogeneous symmetric shape, the center of buoyancy and
center of mass are equivalent. For our model, we assume
that the buoyancy force acts through the center of mass of
the body, peduncle or tail and is given by the following:

RBi = —p%gB (27)

where, p is the density of the fluid, V; is the volume of fluid
displaced by body, peduncle or tail and g? is the gravity
vector expressed in the Bth coordinate frame. The general-
ized active force due to buoyancy for the system is given by
the following:

aViB B
9q. &

(Fr)Buoy:_P Z Vi (28)

i=B,P,T

The Froude-Kriloff force is similar to the buoyancy force in
that it is proportional to the fluid displaced, but is result
of acceleration of the fluid itself. The force due to Froude-
Kriloff also acts through the center of buoyancy and is given
by:

Rrk; = pVia}g (29)

The generalized active force due to Froude-Kriloff for the
system is given by the following:

avf B
(Fex=p Y Viga ar (30)

i=B,P,T

The fluid damping forces are divided by drag and lift force.
The fluid damping forces exerted on a body depends on the
square of the relative velocity of the fluid with respect to the
body; the geometric shape of the body which is characterized
by a drag and lift coefficient and a reference area of the
body; and the density of the fluid. The drag forces include
pressure drag, skin friction drag, and lift forces. The pressure
drag force acts in a direction opposite to the link relative
velocity with respect to the fluid and is the primary drag
force for slow moving fish robot applications. Skin friction
drag which is tangent to the link surface may be neglected for
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slow moving fish robot applications. Therefore, we will only
consider drag forces could be handled for other applications
in an analogous manor. The equations for the force and
moment on each part due to pressure drag is given by:

L
Romg, = —05p / Copbil[Vi () [V (1) - dl
0
L I n
Toms, = —0.5p / Cobil[vi (1) | (A x v (1)1)dl
0

where b;dl is the reference area of body, peduncle or tail, b;
is the width of the rectangle that circumscribes the frontal
projection of the infinitesimal element of body, peduncle or
tail, and dt is the length of the infinitesimal element. Cp is
the drag coefficient, and viz(1)*, v ()* and vi-(I)* are the
relative velocity of body, peduncle and tail with respect to
the fluid normal to the part along the length, [, of the part.
The drag coefficient Cp is a function of part geometry and
fluid flow angle. It can be represented by:

2
CD = C’D,basicsu’1 g

where Cp pasic is shape parameter, and o is the angle between
the relative velocity of the fluid and the part longitudinal
axis. The generalized active force due to the drag force and
torque for the system is then given by:

oFw? ovE
F, rag — N -T rag; 72 rag; 1
®ome= 3 (T o+ G o, ) 3

The lift force is given by:

B _ B B
Ruie, = mpSe(vi X €7) X v;

Trit, = TpSipL X ((vé3 x é7) x vf)

where &2 is unit vector of fish body, peduncle or tail with
respect to body frame and S; is the surface area of fish body,
peduncle or tail. The generalized active force due to the lift
force and torque for the system is given by:

oFw? ovP
Fo)Liee = — - TLis, = - Ruist, 2
(Fr)wLite ' Z ( 94, Lift; T a4 RLftl) (32)
i=B,P,T
Then
(Fr)Damping - (Fr)Drag + (Fr)Lift (33)

3.2.5 Dynamic Model

Having developed all of the generalized inertia forces and
generalized active forces for the fish body, peduncle, and tail,
the equations of motion are found to obtain the following
dynamic model:

(F:) + (F:)AM + (Fr)gravity + (Fr)Buoy

(34)
+ (FT)FK + (FT)Damping =0

Eq.34 may not be the most convenient form for the equations
of motion. Then, we make the following form:

M(§)G+ C(&,4) + G(€) + Fexternat = 0 (35)

i X-yposition
1z
usingpotentialflowtheory — -~
1 7
./j
g V4
g '
':.Tg o #" usingKane'smethod
f=N
=
as
P
az ‘/
2
¥ 5
_,f‘ L I L L L
o a :l'l a £ 1]
X position

Fig. 6. x-y position plot using Potential flow theory and
Kane’s method

where ¢ is the joint variable vector, M(€) is the matrix of
inertia term, C(&,q) is the matrix of Coriolis/Centripetal
term and G(&) is the vector of gravity effect.

O((F7) + (Fi)am)

e = -HEDLL
(C&q) = —(F)+F)am) —M(é)d
G(&) = _Fgravity
(F)external = —(F)Buoy — (F)rx — (F)Damping

4. Conclusions

The 3D dynamic equations for a fish robot-PoTuna with pe-
duncle and tail have been developed using potential flow the-
ory and Kane’s equation. In first method, we use nonlinear
dynamic equations of rigid body with external force by tail
oscillation obtained by potential flow method. We assume
that fish body has many other forces as drag, lift, buoyancy
force, gravity and the external force by tail oscillation. The
external force is obtained by potential flow theory. These
equations have some disadvantages. Because of limitation of
control input, we must ensure the constraint. Kane’s method
provides a straight-forward approach for incorporating ex-
ternal forces into the model. External hydrodynamic forces
considered in this model include: buoyancy, damping, added
mass, Froude-Kriloff. The other external forces include grav-
ity and joint torques of each part. It may be advantageous
in future applications to perform coordinated control of pe-
duncle and tail so that fish’s body is reached in a prescribed
manner.

Fig 6 shows the result using these two method at two dimen-
sional. Red line is the result of the potential flow method
and blue line is the result of Kane’s method. We can see
almost similar line. We can consider E.O.M of fish robot is
the same as E.O.M. of rigid body except for using the tail’s
forces and moments as thruster’s forces and moments. And
we consider that the only effect of peduncle transforms the
forces and moments of tail to fish’s body. In the future, we
try to compare these simulation result of dynamics equation
with experiment and expand the 3 dimensional simulation.
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