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Abstract
As a combination of bio-mechanism and engineering technoiogy，robot fish has become a muitidisci-

piinary research that mainiy invoives both hydrodynamics-based controi and actuation technoiogy . This pa-
per presents a simpiified propuisive modei for carangiform propuision，which is a swimming mode suitabie
for high speed and high efficiency . The carangiform motion is modeied as an !-joint osciiiating mecha-
nism that is composed of two basic components：the streamiined fish body represented by a pianar spiine
curve and its iunate caudai taii by an osciiiating foii . The speed of fish’s straight swimming is adjusted by
moduiating the joint’s osciiiating freguency，and its orientation is tuned by different joint’s defiection .
The resuits from actuai experiment showed that the proposed simpiified propuisive modei couid be a viabie
candidate for appiication in aguatic swimming vehicies .
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0 Introduction

Fish in nature propei itseif by the coordinate motion
of its body，fins and taii，achieving tremendous propui-
sive efficiency and exceiient maneuverabiiity which win
the advantage over conventionai marine vehicies powered
by rotary propeiiers . Nature seiection has ensured that the
mechanicai systems evoived in fish，aithough not neces-
sariiy，are very efficient and fitted for their iiving environ-
ments. In a sense of engineering，the fish is a distin-
guished AUV（Autonomous Underwater Vehicie）proto-
type. An overview of fish swimming and the anaiyticai
methods that have been appiied to some of their propuisive
mechanisms can be found in Ref .［l，2］. In recent
years，researches in propuision and maneuvering mecha-
nisms used by fish have demonstrated a variety of prospec-
tive utiiities in undersea vehicies［2，3］. In l994，MIT suc-
cessfuiiy deveioped an 8-iink，fish-iike machine—Robo-
Tuna，which may be the first free-swimming robot fish in
the worid . RoboTuna and subseguent RoboPike projects
attempted to create AUVs with increased energy savings
and ionger mission duration by utiiizing a fiexibie posterior
body and a fiapping foii（ taii fin）that expioits externai
fiuid forces to produce thrust . In the mean time，another
motivation is to answer Gray’s paradox，which is that a
fish does not seem to have enough power to propei itseif at
the speed it does . Since then， based on progress in

robotics，hydrodynamics of fishiike swimming，new mate-
riais，actuators and controi technoiogy，much research has
been focused on the deveiopment of novei fish-iike vehi-
cies .

For the convenience of description we define a robot
fish as a fish-iike aguatic vehicie that is based on the
swimming technigues and anatomic structure of a fish：
primariiy the unduiatory / osciiiatory body motions， the
highiy controiiabie fins and the iarge aspect ratio iunate
taii . As a combination of bio-mechanism and engineering
technoiogy，the robot fish is a muitidiscipiinary fieid that
mainiy invoives hydrodynamics based controi and actua-
tion technoiogy .

In this paper，the objective is to construct a simpie
propuisive modei for carangiform propuision，which guides
the deveiopment of a radio-controiied，muiti-iink and
free-swimming biomimetic robot fish . Because the fish’s
swimming invoives hydrodynamics of the fiuid environment
and dynamics of the fish body，precise mathematicai mod-
ei is hard to estabiish by pureiy anaiyticai approaches .
Considering that the fish’s motion can be decomposed into
speed controi and orientation controi，an !-joint osciiiat-
ing mechanism is empioyed to fit motion of fish in our
modei . The speed of fish’s straight swimming is adjusted
by moduiating joint’s osciiiating freguency，and its orien-
tation is tuned by different joint’s defiection . Based on
this modei，a free-swimming biomimetic robot fish proto-
type is buiit to experimentaiiy verify our proposed modei .
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1 Previous related work

BCF（body and / or caudai fin）swimming movements
are generaiiy categorized into anguiiiiform， subcarangi-
form，carangiform and thunniform mode mainiy according
to the waveiength and the ampiitude enveiope of the
propuisive wave underiying fish’s behavior［1］. To some
extent much more interest of investigation focuses on the
carangiform iocomotion . Some theoreticai and experimen-
tai studies have expiored the possibiiity of appiying the
carangiform propuisive mechanism to aguatic vehicies .
Eariy resistive hydrodynamic modeis were based on a
guasi-static approach that uses steady-state fiow theory to
caicuiate the fiuid forces［4］. Later modeis deait with more
reaiistic fish-type motions，Wu originaiiy deveioped a 2-D
waving piate theory，treating fish as an eiastic piate［5］.
Thereafter eiongated-body theory and iarge-ampiitude e-
iongated-body theory that are suited to carangiform swim-
ming were formed［6-8］. These iinear or noniinear exten-
sions of the waving piate theory aiiow the anaiysis of fast
starts as weii as steady-state swimming .

At present，some artificai systems are deveioped to
investigate fish-iike iocomotion mechanism . In particuiar，
osciiiating foii has been proposed as an aiternative propui-
sor to the conventionai screw propeiier［3，9，10］. The de-
veiopment of 8-iink， foii-fiapping robotic mechanism
（Robotuna）acguired detaiied measurements of the forces
on an activeiy controiied body［3，11］. Harper et ai . pro-
posed the design of optimai spring constant to actuate the
osciiiating foii［12］. Keiiy et ai . proposed a modei for pia-
nar carangiform swimming based on reduced Euier-La-
grange eguations for the interaction of a rigid body and an
incompressibie fiuid［13］. Mason et ai . buiit a three-iink
robot system to study carangiform-iike swimming［14］. They
experimentaiiy verified a guasi-steady fiuid fiow modei for
predicting the thrust generated by fiapping taii . However，
these expioratory deveiopments in propuisive modei are not
appiicabie or generai for reai aguatic appiications .

2 A simplified propulsive model for carangi-
form swimming

This paper concentrates on the iaterai motion of fish
body，which is in the form of a traveiing wave smoothiy
increasing from the front to the taii end . The method em-
pioys a discretized numericai fitting combining simuiation
with experiment . It is suggested by ichthyoiogist that the
passage of a wave underiies the fish’s propuisive struc-
ture［1］. The propuisive wave behaves as iaterai curvature
in spine and muscuiature，which begins posterior of head
and increases with ampiitude as it moves posterioriy . It

traverses at a speed greater than the forward speed . A
typicai carangiform swimming mode for RoboTuna has
been presented by Barrett et ai .［15］，which is composed
of two basic components：the fish body represented by a
pianar spiine curve and its iunate caudai taii by an oscii-
iating foii . The spiine curve starts from the fish’s center
of inertia to the caudai joint，which is assumed to take the
form of a traveiing wave（1） originaiiy suggested by
Lighthiii［6］.

ybody（ x，t）=［（ c1 x + c2 x2）］［sin（ Ix +!t）］（1）
where ybody is the transverse dispiacement of body，x is
the dispiacement aiong main axis， I is the body wave
number（ I = 2" /#），# is the body wave iength，c1 is
the iinear wave ampiitude enveiope， c2 is the guadratic
wave ampiitude enveiope，! is the body wave freguency
（! = 2"f = 2" / T）.

For simpiicity，a discrete pianar spiine curve is con-
sidered， i . e . time t is separated from the body-wave
function ybody（ x，t）. In other words，the traveiing body-
wave is decomposed into two parts：the time-independent
spiine curve seguence ybody（ x， i）（ i = 0，1，. . .，
M-1）in an osciiiation period，which is described by（2）
and the time-dependent osciiiation freguency f .

ybody（ x，i）=［（ c1 x + c2 x2）］［sin（ Ix - 2"
M i）］

（2）
where i is the variabie of spiine curve seguence，M is the
body-wave resoiution that represents the discrete degree of
the overaii traveiing wave，which is restricted by the max-
imum osciiiation freguency of servomotors（here，we as-
sume that joints are actuated by servomotors）.

Before fitting the spiine curve，we define the reiative
waveiength R（0 < R! l）as the iength ratio of the
fish’s osciiiating part to a whoie sine wave . When R ap-
proaches zero，to some extent，the fish’s osciiiating part
may be viewed as a rigid rod which hardiy produces
thrust；with a proper R，the fish osciiiates harmoniousiy
and moves efficientiy . In reaiity，the appropriate R keeps
to be about 0 .5，which is to say，haif a sinusoidai wave
recurs in the osciiiating part during an efficient iocomo-
tion .

As mentioned above， since the waveiength of a
whoie propuisive wave is viewed as 2" at I = 1，the
waveiength of the osciiiatory part at R is then R X 2" .
On the assumption that the fish-iike mechanicai system is
to be made up of N joints and body-wave resoiution is
M，the body wave at an intervai of 0 to R X 2" aiong the
axiai body dispiacement can be fitted with an N-iink
mechanism . It is aiso assumed that the fuii controi of a
fish reiies on the internai shape（ the joint angie$i）for
maneuverabiiity and on the osciiiation freguency f for
speed . Once the ampiitude coefficients（ c1，c2）are de-
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termined，the shape of the sine wave at some time is en-
sured . Mathematicaiiy，the joint angie!i（ i = l，2，. . .，
N）at different time in a cycie can therefore be caicuiated
by fitting each pianar spiine curve at an intervai of 0 to R
X 2" aiong the axiai body dispiacement . As a resuit，a
2-d M X N rectanguiar array Oscdata［M］［ N］（3）is
obtained，which wiii be used as the primitive osciiiating
data of the robot fish . Based on this osciiiatory array，the
fish body’s shape can geometricaiiy be changed by adding
different defiections !!i to the first N'（0 < N' < N）

joints，the corresponding osciiiatory array Oscdata’［M］
［N］is shown in（4）. The motion orientation of the fish
varies with the unstabie shape in a iimited cycie due to a
compiex hydrodynamic interaction，so caiied added mass
effect .

Oscdata［M］［N］=

!0l !02 ⋯ !0N

!ll !l2 ⋯ !lN

⋯ ⋯ ⋯ ⋯

!M-l，l !M-l，2 ⋯ !M-l，











N

（3）

Oscdata'［M］［N］=

!0l +!!l !02 +!!2 ⋯ !0，N' -l +!!N' -l !0N' ⋯ !0N

!ll +!!l !l2 +!!2 ⋯ !l，N' -l +!!N' -l !lN' ⋯ !lN

⋯ ⋯ ⋯ ⋯ ⋯ ⋯ ⋯

!M-l，l +!!l !M-l，2 +!!2 ⋯ !M-l，N' -l +!!N' -l !M-l，N' ⋯ !M-l，











N

（4）

Since the mechanicai robot fish is composed of four
iinks，aii caicuiations and experiments in this paper are
performed on a four-iink modei . A schema of the iink-
based body-wave fitting is shown in Fig .l . Because the
taii fin is attached to the iast iink，the angie# derived
from the siope of the iast iink is just the fin’s attack an-
gie . The parameters for the body-wave fitting are as foi-
iows：cl = 0 .l，c2 = 0 .05，k = l，M = l8，R = 0 .5，
N = 4 . Here，the eventuai resuits for the propuisive mode
are a 2-d l8 X 4 rectanguiar array of joint angies and the
osciiiation freguency，which are independent of fish’s di-
mension and shape . In other words，oniy a parameters set
｛!l，!2，!3，!4，f｝is chosen to controi the fish’s mo-
tion .

Fig.1 Link based body-wave fitting

3 Biomimetic robot fish prototype and exper-
imental validation

3 .1 Development of robot fish prototype
Based on the above simpiified propuisive modei，a

radio-controiied，muiti-iink and free-swimming biomimet-

ic robot fish mimicking carangiform-iike iocomotion has
been designed . The mechanicai configuration of an up-
down motioned robot fish is shown in Fig .2 . Fig .3 shows
that it swims downwards in a swimming tank . It can swim
forwardiy and turn reaiisticaiiy iike a fish in the water .

The deveioped robot fish primariiy consists of six
parts：

! Controi unit（microprocessor + peripherais）
! Communication unit（wireiess receiver）
! Sensor unit（infrared，visuai，uitrasonic，etc .）
! Support unit（aiuminum exoskeieton + head +

forebody）
! Actuator unit（dC servomotors）
! Accessories（battery，waterproof skin，taii fin，

etc .）
In the robot fish’s construction，based on a hydro-

dynamic anaiysis，hoiiow，streamiined，rigid head and
forebody are moided using fibergiass，which aiiows for
iarger space to house eiectricai and communication com-
ponents . In order to swim in a smaii experimentai water
pond，the buiit fish has to be as compact as possibie . The
onboard microprocessor，sensors，additionai peripherais，
wireiess receiver and power suppiy are hence put in the
ceii of the fish’s forebody . dC servomotors that act as the
actuator of joints are iinked with aiuminum exoskeieton .
A iunate foii is attached to the iast iink，which serves as
the taii fin . The instaiiation position of the joints and the
size of the taii are designed with consideration of the
shape of a specific bioiogicai fish“modei”. In the mean-
time，some steei baiance weights are iocated in the fore-
body and iower side of the exoskeieton to adjust the egui-
iibrium between gravitationai forces and buoyant forces .

In the fish’s controi unit，the servomotors are con-
troiied by an onboard microprocessor and a Puise-width
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ModuIation（PWM）signaI generator . The speed of fish’s
straight motion is adjusted by moduIating the joint’s osciI-
Iating freguency，and its orientation is tuned by different
joint’s defIection . Adding various defIections，pIus or
minus，to the front joint angIes（e . g .，!!l and!!2）in
each osciIIation period， different motion direction is
achieved . By the manuaI mode（remote controIIer）or the
automatic controI mode，the robot fish can swim forward，
acceIerate，deceIerate，turn right or Ieft，or even sub-
merge or ascend Iike a reaI fish .

Fig.2 MechanicaI configuration of an
up-down-motioned robot fish

Fig.3 Swimming downwards in a swim tank

3 .2 Experimental setup and results
To verify the feasibiIity and reIiabiIity of the pro-

posed propuIsive modeI and the corresponding controI
method， an experimentaI robot fish pIatform has been
constructed . The system，as depicted in Fig .4，comprises
four subsystems：the robot fish subsystem，the vision sub-
system，the decision making subsystem and the communi-
cation subsystem . AII aguatic experiments in this paper
were conducted in a static swim tank 3050 mm X l830
mm X 560 mm（Iength X width X depth）at room tem-
perature. The gIobaI information of the fishes and their
surroundings captured by overhead CCD camera is effec-

tiveIy processed and sent to the decision-making moduIe
as an input，and then the output of the decision-making
subsystem is transmitted to the singIe robot fish through
the communication subsystem . Hence， the robot fishes
can work effectiveIy and cooperativeIy . These four subsys-
tems，from the controI viewpoint，ensure a cIosed Ioop .

Fig.4 Configuration of the experimentaI
robot fish pIatform

With the vision-based tracking system to provide re-
aI-time position feedback of the robot fishes［l6］，we test
the speed performance of the deveIoped robot fish proto-
types . Based upon the experimentaI data，the reIationship
between the osciIIating freguency and the straight swim-
ming speed is shown in TabIe l . It is observed that the
maximum swimming speed near is 0 .32m / s，i . e .，about
0 . 8 times the body Iength per second，at the freguency of
2 Hz with a Iunate taiI fin . In contrast to a reaI fish，such
a swimming efficiency is not high due to Iarge friction re-
sistance between the osciIIatory part and water . However，
a generaI tendency is that the swimming speed increases
with the osciIIating freguency . For a practicaI reason，the
speed cannot be infiniteIy expanded since the servomotors
can hardIy foIIow sufficientIy high speeds in high osciIIat-
ing freguency areas .

Furthermore，as an essentiaI eIement of maneuver-
abiIity，the turning performance of the fish is measured .
TabIe 2 shows the experimentaI resuIts of anguIar speed at
" = 2Hz . The fish is reguired to round a 2! circIe with
different turning radiuses in the experiments，and corre-
sponding anguIar speeds are obtained . During the mea-
surements，8 directionaI IeveIs are sampIed at intervaIs of
7 . 5 . The corresponding defIection in degrees is added to
the first two joint angIes（!!l，!!2）in each osciIIation pe-
riod，accordingIy the fish body defIects to one side . It is
aIso attempted to add defIections to the Iast two joints
（!!3，!!4），but some differences to turning radius are
found . In this paper，onIy defIections added to the first
two joints are discussed . As seen from TabIe 2，the angu-
Iar speed increases with augment of defIections，and the
vaIues of the anguIar speed are not guite symmetric with
bias . This probIem seems to indicate that the current sys-
tem is Iack of mechanicaI symmetry due to joint binding，
motor instaIIation and so on .
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Tabie 1 Osciiiation freguency（Hz）versus speed（m / s）of straight swimming
Freguency 0 .5 0 .57 0 .67 0 .8 1 .0 1 .34 2 .0
Speed 0 .12 0 .16 0 .18 0 .20 0 .23 0 .26 0 .32

Tabie 2 Anguiar speed（!，rad / s）versus defiections（!"，degree）at f = 2 Hz

!" - 30 - 22 .5 - 15 - 7 .5 0 7 .5 15 22 .5 30

" - 1 .2 - 0 .92 - 0 .8 - 0 .5 - 0 .1 ~ 0 .1 .4 .75 .95 1 .1

4 Conclusions and future work

A simpiified propuisive modei for carangiform
propuision has been presented，whose eventuai resuits are
a 2-D rectanguiar array of joint angies and the osciiiation
freguency . Based on this modei，a radio-controiied，mui-
ti-iink and free-swimming biomimetic robot fish has been
deveioped . The speed of fish’s swimming is adjusted by
moduiating the joint’s osciiiating freguency，and its ori-
entation is tuned by different joint’s defiection . Experi-
mentai measurements partiaiiy verified the feasibiiity of
the modei in the appiication of robot fish .

Future research shouid be focused on seif-contained
robot fish design and optimization method taking account
of both kinematics and hydrodynamics . In the meantime，
human-machine interaction-based autonomous robot fish
using advanced sensor and inteiiigent controi technigues
shouid aiso be deveioped .
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