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EunJung Kim∗ and Youngil Youm∗∗

Robotics and Bio-Mechatronics Laboratory, POSTECH, Korea

(Tel : +82-54-279-2842; ∗ E-mail: kejjung@postech.ac.kr)

(∗∗ E-mail: youm@postech.ac.kr)

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[1]. 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
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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.

• The body shape is matched to the location of

mechanical components,

• Well-balanced design between the total volume

(displacement) and the total weight is required,

• Well-balanced shape between the center of gravity and

the buoyant point is required,

• A few drag force is required,

• A few perturbation of water flow is required around a

tail fin,

• 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]:

MRBq̈ + CRB(q̇)q̇ = τ (1)

where MRB, CRB(q̇) are the inertia matrix and the Cori-

olis/Centripetal matrix of fish body, respectively, η is the

position of fish robot with respect to the inertial frame, q̇

is the velocity of fish robot with respect to the body fixed

frame(Bth frame) and τ is given by:

τ = τREST + τDAMP + τADD + τFK + τEXT

τDAMP = τPDMP + τWDMP + τ SKIN + τVORT

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

potential flow theory

where τREST denotes the restoring forces and moments, due

to weight and buoyancy, τDAMP denotes the forces and mo-

ments due to different type of damping, τADD denotes the

added mass forces and moments due to the inertia of the sur-

rounding fluid, τFK denotes the Froude-Kriloff forces, which

are due to the inertia matrix of the displaced fluid and τ EXT

denotes a generic external force which can be considered the

force by tail oscillation. The final equations of motion are

given:

η̇ = J(η)q̇ (2)

(MRB + MA)q̈r = τCOR + τDAMP + τREST + τEXT (3)

where J is the transformation matrix of Bth frame with re-

spect to inertial frame, q̈r is the relative acceleration between

fish robot and fluid, and other force and moment terms are

given by:

τREST = −g(η) = τ g(η) + τ b(η)

τDAMP = −D(q̇, α)q̇r

τCOR = −CRB(q̇)q̇ − CA(q̇r)q̇r

where α 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 = x+ iy} with x ∈ 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 = {ζ = eiθ, θ ∈ [0, 2π]} under the Joukowski

mapping F := ζ → z given by:

z = F (ζ) := ζ + ζc +
a2

ζ + ζc

(4)

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

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

w(z) =U(t)w1(ζ) + V (t)w2(ζ) + Ω(t)w3(ζ)

+ γc(t)w4(ζ) +
∑

k

γkw5(ζ; ζk(t))
(5)



Here, ζ = F−1(z), and U(t), V (t) are the absolute veloci-

ties in the directions parallel and perpendicular to the foil’s

chord, and Ω(t) is the angular velocity of the foil respectively.

γc is the strength of the central vortex, and γk and F (ζk(t))

with k = 1, · · · , nk are the strengths and locations of the nk

free vortices. Once the complex potential has been defined,

we can derive force per unit span X and Y along the x and

y using Milne-Thomson’s method[6].

X + iY = − U̇(m11 + im21) − V̇ (m12 + im22)

− Ω̇(m16 + im26) + ΩU(m21 − im11)

+ ΩV (m22 − im12) + Ω2(m26 − im16)

+ i(W + iΩζc)Γ + i
d

dt
[2πZ1 − Γ(2a − ζc)]

− 2πiZ2 − 2πΩZ1

(6)

where the added mass coefficient

m11 = πr
2
c − 2πa

2 + πr
2
c

a4

(r2
c − δ2)2

m12 = 0

m21 = 0

m22 = πr
2
c + 2πa

2 + πr
2
c

a4

(r2
c − δ2)2

m16 = Im

[

− πr
2
cζc − 2πa

2
ζ̄c + 2π

a4ζc

r2
c − δ2

+πr
2
c

a6ζ̄c

(r2
c − δ2)3

]

m26 = Re

[

πr
2
cζc + 2πa

2
ζ̄c − 2π

a4ζc

r2
c − δ2

−πr
2
c

a6ζ̄c

(r2
c − δ2)3

]

Z1 =
∑

k

γk

(

r2
c

ζ̄k

+
a2

ζk + ζc

)

Z2 =
∑

k

γk
dzk

dt

The moment is given:

M = − U̇m61 − V̇ m62 − Ωm66 − U
2
m21 + V

2
m12

+ UV (m11 − m22) − UΩm26 + V Ωm16

+
d

dt

[

2πS1 − Γ

(

a
2 − δ

2 + aζc +
a3ζc

δ2 − r2
c

)]

− 2πS2 + Re[W̄ (2πZ3 − Γζc)]

(7)

where

m61 = m16

m62 = m26

m66 = π

[

2a
4 + 2a

2
δ
2 + 2a

4 δ4 + a2δ2 − 2r2
cδ2

(r2
c − δ2)2

+a
8
r
2
c

2δ2 − r2
c

(r2
c − δ2)4

−
r2

ca4

r2
c − δ2

+ r
2
cδ

2

+a
4
r
2
c

a4 + r4
c − δ4

(r2
c − δ2)3

]

S1 =
∑

k

γkRe

[

r2
cζc

ζk

+
a2r2

c

ζk(ζk + ζc)

+
a4ζc

(δ2 − r2
c )(ζ̄k + ζ̄c)

+
a2ζ̄c

ζk + ζc

]

S2 = 2π
∑

k

γkRe

(

dz̄k

dt
zk

)

S3 = 2π
∑

k

γk

(

r2
c

ζ̄k

+
a2

ζk + ζc

)

and W = U + iV is the linear velocity in the z = ix + y

plane, and Ω is the angular velocity, and we assume that we

don’t consider free and central vortices, that is, γc, γk and

Γ equal 0. Then the forces and torques per unit span and

mass by tail oscillation is given by:

X = −U̇m11 − Ω̇m16 + ΩV m22 + Ω2
m26

Y = −V̇ m22 − Ω̇m26 + ΩUm11 − Ω2
m16

M = −U̇m61 − V̇ m62 − Ωm66 + UV (m11 − m22)

−UΩm26 + V Ωm16

Then

τEXT =

[ n
∑

k=1

ρX

n
∑

k=1

ρY 0 0 0
n

∑

k=1

ρM

]T

(8)

where ρ 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:

q̇ =
[

vx vy vz ωx ωy ωz θ̇1 θ̇2

]T

(9)

where (vx, vy, vz) is the linear velocity of the fish robot with

respect to the inertial frame expressed in the Bth coordinate

frame, (ωx, ωy, ωz) is the angular velocity of the fish robot

with respect to the inertial frame expressed in the Bth co-

ordinate frame, and (θ̇1, θ̇2) 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
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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:

p
B
P =











cxB

cyB

czB

1











+̃A
P
Bc

P
P = c

B
B+̃A

P
Bc

P
P (10)

where +̃ denote the addition of the physical coordinates of

the two homogeneous vectors on the right hand side, AP
B is

the homogeneous transformation from coordinate frame P

to coordinate frame B, and cP
P 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:

p
B
T = c

B
B+̃A

P
BA

T
P c

T
T (11)

The angular velocity of the fish body with respect to an

inertial frame E, expressed in the Bth coordinate system is

given by:
E

ω
B = ωxx̂B + ωy ŷB + ωz ẑB (12)

where the hat denotes a unit vector and the notation EωB

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:

E
ω

P = E
ω

B + B
ω

P = E
ω

B + θ̇1ẑB (13)
E

ω
T = E

ω
B + B

ω
P + Ā

P
B

P
ω

T

= E
ω

B + B
ω

P + Ā
P
B θ̇2ẑP (14)

where Ā
P
B denotes the rotation submatrix of AP

B , BωP is

the angular velocity of peduncle with respect to body and
P ωT 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:

v
B
B = vxv̂B + vy ŷB + vz ẑB (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:

v
B
i = v

B
B +

dpB
i

dt
+ E

ω
B × p

B
i (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:

E
α

B = ω̇xx̂B + ω̇y ŷB + ω̇z ẑB (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:

E
α

i =
dEωi

dt
+ E

ω
B × E

ω
i (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:

a
B
B =

dvB
B

dt
+ E

ω
B × v

B
B (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:

a
B
i =

dvB
i

dt
+ E

ω
B × v

i
B (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
∗

i = −mia
B
i (21)

where mi is the mass of fish body, peduncle or tail. The

inertia torques of body, peduncle or tail are given by the

following:

T
∗

i = −I
B
i · E

α
i − E

ω
i × I

E
i · E

ω
i (22)

where IB
i 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:

F
∗

r =
∑

i=B,P,T

(

∂Eωi

∂q̇r

· T∗

i +
∂vB

i

∂q̇r

· R∗

i

)

(r = 1, · · · , N)

(23)



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
= mig

B (24)

where gB = [gx, gy, gz]
T is the gravity vector expressed in

the Bth coordinate frame. The generalized active force due

to gravity is given by the following:

(Fr)gravity =
∑

i=B,P,T

mi
∂vB

i

∂q̇r

· gB (25)

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 × 6 positive definite added mass inertia

matrix, IA. In general the 36 elements of the added mass

matrix, IA, 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:
[

R∗

Ai

T∗

Ai

]

= −I
B
Ai

[

v̇B
i

Eωi

]

−

[

Eω̃i 0

ṽB
i

Eω̃i

]

I
B
Ai

[

vB
i

EωB,P,T

]

where Eω̃i and ṽB
i are skew symmetric matrices, and IB

Ai

is the 6 × 6 added mass matrix for body, peduncle or tail

expressed in the Bth coordinate frame. Substituting these

two equations into results
[

R∗

Ai

T∗

Ai

]

= −I
B
Ai

[

aB
i

Eαi

]

+ I
B
Ai

[

Eωi × vB
i

Eωi × Eωi

]

−

[

Eω̃i 0

ṽB
i

Eω̃i

]

I
B
Ai

[

vB
i

Eωi

]

We can account for the relative acceleration and velocity of

the fluid by introducing the following relationship:

v
r
i = v

B
i − v

B
f

a
r
i = a

B
i − a

B
f

where, vB
f is the velocity of the fluid expressed in the Bth

coordinate frame, and aB
f 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:

[

R∗

Ai

T∗

Ai

]

= −I
B
Ai

[

ar
i

Eαi

]

+ I
B
Ai

[

Eωi × vr
i

Eωi × Eωi

]

−

[

Eω̃i 0

ṽr
i

Eω̃i

]

I
B
Ai

[

vr
i

Eωi

]

The generalized inertia force due to the added mass for the

entire system is then given by the following:

(F∗

r)AM =
∑

i=B,P,T

(

∂Eωi

∂q̇r

· T∗

Ai
+

∂vB
i

∂q̇r

· R∗

Ai

)

(26)

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
= −ρVig

B (27)

where, ρ is the density of the fluid, Vi is the volume of fluid

displaced by body, peduncle or tail and gB 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:

(Fr)Buoy = −ρ
∑

i=B,P,T

Vi
∂vB

i

∂q̇r

· gB (28)

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:

RFKi
= ρVia

B
f (29)

The generalized active force due to Froude-Kriloff for the

system is given by the following:

(Fr)FK = ρ
∑

i=B,P,T

Vi
∂vB

i

∂q̇r

· aB
f (30)

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



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:

RDragi
= −0.5ρ

∫ L

0

CDbi‖v
r
i (l)

⊥‖vr
i (l)

⊥
dl

TDragi
= −0.5ρ

∫ L

0

CDbi‖v
r
i (l)

⊥‖(Ā
i
B x̂i × v

r
i (l)

⊥)dl

where bidl is the reference area of body, peduncle or tail, bi

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. CD is

the drag coefficient, and vr
B(l)⊥, vr

P (l)⊥ and vr
T (l)⊥ are the

relative velocity of body, peduncle and tail with respect to

the fluid normal to the part along the length, l, of the part.

The drag coefficient CD is a function of part geometry and

fluid flow angle. It can be represented by:

CD = CD,basicsin
2
σ

where CD,basic is shape parameter, and σ 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:

(Fr)Drag =
∑

i=B,P,T

(

∂Eωi

∂q̇r

· TDragi
+

∂vB
i

∂q̇r

· RDragi

)

(31)

The lift force is given by:

RLifti
= πρSB(vB

i × ê
B
i ) × v

B
i

TLifti
= πρSip

B
i ×

(

(vB
i × ê

B
i ) × v

B
i

)

where êB
i is unit vector of fish body, peduncle or tail with

respect to body frame and Si 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:

(Fr)Lift =
∑

i=B,P,T

(

∂Eωi

∂q̇r

· TLifti
+

∂vB
i

∂q̇r

· RLifti

)

(32)

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∗

r) + (F∗

r)AM + (Fr)gravity + (Fr)Buoy

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

Eq.34 may not be the most convenient form for the equations

of motion. Then, we make the following form:

M(ξ)q̈ + C(ξ, q̇) + G(ξ) + Fexternal = 0 (35)

position
x
 


usingpotentialflowtheory
    


usingKane'smethod
  


x-yposition
 


Fig. 6. x-y position plot using Potential flow theory and

Kane’s method

where ξ is the joint variable vector, M(ξ) is the matrix of

inertia term, C(ξ, q̇) is the matrix of Coriolis/Centripetal

term and G(ξ) is the vector of gravity effect.

(M(ξ)) = −
∂((F∗

i ) + (F∗

i )AM)

∂q̈j

(C(ξ, q̇)) = −((F∗) + (F∗)AM) − M(ξ)q̈

G(ξ) = −Fgravity

(F)external = −(F)Buoy − (F)FK − (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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