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Abstra
tIn this paper, we present a survey of �sh-like propul-sion at millimeter s
ale in order to build high eÆ
ien
yswimming mi
rorobots. We begin with a me
hani-
al study of the �sh-like propulsion. The me
han-i
al model we used shows that undulatory motionsare more eÆ
ient than os
illatory motions. We ap-plied these theoreti
al results to the design and therealization of a mi
rorobot propelled by the beatingof two �ns. Fins are moved by a transdu
er mate-rial 
alled I.P.M.C. (Ioni
 Polymer Composite Metal).The experimental results allow us to 
he
k our theo-reti
al model of the mi
rorobot. Lastly, we proposean improved mi
rorobot whi
h would have a bettereÆ
ien
y.1 Introdu
tionAnimals fas
inate by their perfe
t adaptation to anysurrounding. In the water, �sh rea
h some per-forman
es that ma
hines 
an't a
hieve. Some �share able to swim very fast with low mus
ular power(Gray's paradox), others 
an 
hange qui
kly their pathand a

elerate very fast. These performan
es are en-viable : high eÆ
ien
y, great manoeuvrability, higha

eleration, noiseless motions...In mi
roroboti
s, this way of motion is very inter-esting be
ause of its good eÆ
ien
y. In the 
ase ofan autonomous mi
rorobot, the energy is limited andmust not be wasted.Several real-sized biomimeti
 robots have been real-ized to study this way of propulsion. For example, we
an mention Ayers [2℄ and Ijspeert [1℄ for their works

on an eel robot, Triantafyllou [9℄ for his pike robot andKato [10℄ who studied the bass's pe
toral �n e�e
t.Until now, mi
rorobots whi
h have been developeddon't use �sh-like motion. In fa
t, this motion is dif-�
ult to generate at a millimeter s
ale. All these mi-
rorobots are propelled by �n beating . For example,report to those of Fukuda [14℄ [15℄, Guo [13℄ or Mo-jarrad and Shahinpoors [4℄ [5℄ [6℄.Our purpose is to build swimming mi
rorobots hav-ing the best me
hani
al eÆ
ien
y. With this aim inmind, we 
arried out a 
uid me
hani
al survey of �sh-like propulsion at a millimeter s
ale. Then, we builta prototype in order to 
he
k our theoreti
al model ofthe mi
rorobot.In this paper, we present a theoreti
al model to eval-uate the thrust for
e, the power and the eÆ
ien
y ofa �sh-like propeller. Then, we study several motionsto �nd whi
h ones are the most eÆ
ient. Se
ondly,we present the experimental results of the prototype.Before 
on
luding, we propose some improvements toin
rease the mi
rorobot's performan
es.2 Me
hani
al modeling2.1 Theory of �sh undulatory motionFor a long time resear
hers have tried to model the�sh-like propulsion, in parti
ular for high speeds,when Gray's paradox appears. Rosen [16℄ was amongthe �rst to give an explanation : for high speeds, thethrust for
e is generated by the evolution of vortexgenerated by the last 2/3 of the �sh's body.For small s
ales, speeds of evolution are very lowand this model doesn't suit very well. We 
hose an-other one proposed by Webb and Weihs [11℄ valid forsmall sizes. This one allows us to evaluate the result-ing for
e of the motion of any �sh moving very slowly.



This model must be used with the following hypoth-esis :1. The 
uid is in
ompressible and not vis
ous.2. The thi
kness of the �sh is negligible 
omparedwith its length.3. The speeds of motions are low.4. The mean speed U of the �sh relative to the 
uidis low and 
onstant.The prin
iple of the model is based on the rea
tivefor
e generated by the 
uid on a moving thin plate.This rea
tive for
e is 
alled the drag for
e. For anysolid, the drag for
e is de�ned by :�!Fn = �12Cn�S�!Vnk�!Vnk (1)where :� � is the density of the 
uid.� S is the area of the plate.� �!Vn is the speed of the solid relative to the 
uid.� Cn is the drag 
oeÆ
ient.The drag 
oeÆ
ient depends on the Reynolds's num-ber and on the shape of the solid. The Reynolds'snumber 
hara
terizes the relative speed U , the heightl of the plate and the kinemati
s vis
osity � of the
uid. It is de�ned by :Re = Ul�The shape of the �sh (or of the �n) is de�ned by thefun
tions b1(x) and b2(x). The length of the shape isL. The fun
tion h(x; t) des
ribes the �sh motion inthe Oxz plan a

ording to the time t (
f. �gure 1).
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Figure 1: Shape and motion of the �sh.

The total height of the �sh is given by :b(x) = b1(x) � b2(x)The prin
iple of the model 
onsists in 
al
ulatingthe rea
tive for
e of the 
uid for small elements of thesurfa
e, and then, in integrating on the length of theshape.
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dxFigure 2: A small area element in the Otn referen
eframe.The speed of every area element of �sh in the Oxzreferen
e frame 
an be written as :8>><>>:Vx = UVz = �h�t (2)The speed in the Otn referen
e frame bound to thearea element is then (
f. �gure 2) :8>>><>>>:Vn = �U sin(�) + �h�t 
os(�)Vt = U 
os(�) + �h�t sin(�)with : �(x; t) = �h�xand U the mean speed of the �sh in the Oxz referen
eframe.We suppose that the 
uid has no vis
osity. There-fore, the tangent for
e of the 
uid on the plate is zero.The normal for
e (On axis) of the 
uid on the plate(or drag for
e) 
an be written with the help of theequation (1) as :



8<:dFn = �12 Cn�VnjVnj dSdFt = 0We proje
t these for
es onto the Oxz referen
e frameand we get :8><>:dFx = 12 Cn�bVnjVnj tan�dxdFz = �12 Cn�bVnjVnj dxWe integrate into the length of the �sh, and the for
esare then :8>><>>:Fx = 12 Cn� Z L0 bVnjVnj tan�dxFz = �12 Cn� Z L0 bVnjVnj dx (3)We 
all Fx the thrust for
e and Fz the lateral for
e.2.2 Motion studyThanks to this model, we 
an study the eÆ
ien
y ofseveral motions. This point is the main idea of thispaper.Using equations (2) and (3) we get the powers inea
h dire
tion :8>><>>:Px = 12 Cn� Z L0 bVnjVnj tan�U dxPz = �12 Cn� Z L0 bVnjVnj �h�t dx (4)Px is 
alled the useful power. Px + Pz is the totalwasted power. The me
hani
al eÆ
ien
y � is then :� = PxPx + Pz (5)We 
hose to 
ompare two types of motion : an os-
illatory motion and an undulatory motion. With thisaim in mind, we used the next fun
tion :h(x; t) = H g(x; t)max(x;t) jg(x; t)jwith : g(x; t) = 
os (!t� 
 2�L x) � 
os!t
 de�nes the type of motion : when 
 tends towardzero the motion is os
illatory and when 
 is equal to1, the motion is undulatory (
f. �gures 3 et 4). The
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Figure 3: Half of an os
illatory motion (
 ! 0).&
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Figure 4: A quarter of an undulatory motion (
 = 1).max fun
tion normalizes g(x; t) in order to get thesame amplitude H for any value of 
.The �gure 5 represents the eÆ
ien
y � to maximumpower a

ording to the 
oeÆ
ient 
. It 
learly showsthe superiority of the undulatory swimming on theos
illatory swimming. So, mi
rorobots should use un-dulatory motions rather than os
illatory motions toobtain best performan
es.
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Oscillatory                      UndulatoryFigure 5: EÆ
ien
y of di�erent swimming motions.Nomen
lature :� L = 40 mm� H = 10 mm� � = 1000 Kg/m3



� b(x) = 10 mm� ! = 2� rad/s� Re = 10� Cn = 0:87� � = 10�6 m2=s3 The mi
rorobotTo built a small swimming robot, we had to �nd a
ompromise between the theory and the te
hni
al fea-sibility. So, we 
hose to make a �rst prototype veryeasy to build. This prototype is propelled by two beat-ing �ns. Ea
h �n is moved by an I.P.M.C a
tuator.3.1 I.P.M.C. a
tuatorsI.P.M.C. are materials whi
h 
onvert the ele
tri
 en-ergy dire
t to me
hani
al energy [3℄ [12℄ [8℄ [7℄.I.P.M.C. are made of ioni
 polymers and metal. Inour 
ase, we used a Na�onr-Platinum 
omposite. TheNa�onr is an ion-ex
hange membrane produ
ed bythe Dupont 
ompany. An I.P.M.C. a
tuator is madeof a �lm of Na�onr 
hemi
ally plated on its both sideswith platinum. When a strip of this 
omposite is sup-plied by a low voltage on its platinum ele
trodes, thestrip bends to the positive side (
f. �gure 6).
V+

V-Figure 6: Bending of an I.P.M.C. a
tuator.Thanks to its features, an I.P.M.C. a
tuator is thebest material to propel a swimming mi
rorobot : itsdeformations are important even for small tensions (10% for 2 V), its 
onsumption is low and its shape makeit easy to use with �ns. Moreover, it perfe
tly worksin water. The maximum operating frequen
y is about2 Hz.The drawba
k of this a
tuator is its very 
omplexbehavior. It is non linear with great hysteresis. Itdoesn't exist any 
omplete model, but some isolatedfeatures 
an be 
al
ulated.To model our swimming mi
rorobot, we needed amodel of the deformed shape of an a
tuator. With alaser sensor, we studied the displa
ement of a 10�2mm a
tuator supplied with a 
onstant tension. Thedeformed shape of the I.P.M.C. is nearly 
ir
ular for

10 mm. Then, it 
an be modeled for 10 mm by a bowof 
ir
le. The radius of the 
ir
le is determined byinterpolation on a set of measures (
f. �gure 7).R = 35:64 + d22d2 (6)with :d = �0:019037u3+ 0:12011u2� 0:026596uand u the supply tension (the wave signal frequen
ymust be less than 2 Hz).
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Voltage u (V)Figure 7: Interpolation of the position of a point lo-
ated at 6 mm from basis.Then, the deformed shape 
an be written as :h(x; u) = R �pR2 � x2 (7)This equation des
ribes the amplitude of the motionand the shape of the a
tuator well enough to modelthe propulsion me
hanism.3.2 Propulsion me
hanismWe 
hose to use two 12�2 mm strip of I.P.M.C. be-
ause longer a
tuators don't bend more. The I.P.M.C.a
tuators are supplied by a sinusoidal tension (2V,1Hz). Their motions are modeled by the equation (7).We 
an say that the mi
rorobot uses more the os
il-latory mode than the undulatory mode. In fa
t, themotion of a
tuators looks like the motion des
ribed bythe �gure 3. To in
rease a bit the eÆ
ien
y of thosepropellers, we 
hose to use very 
exible �ns. The bendof the �ns generates a slight undulatory motion. Finsare modeled like bending beams. We found that a �nmade of a 20�10�0.01 mm polyethylene �lm is themost eÆ
ient.Using the equations (7) with (4), we get the thrustfor
e during a swimming 
y
le (
f. �gure 8). Thestarting mean thrust for
e 
an rea
h 1.8 10�7 N. Whenthe power is at the most (about 7.39 10�10 W), theeÆ
ien
y is equal to 0.014. The eÆ
ien
y is very lowbe
ause the motion is near an os
illatory motion
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Figure 8: Thrust for
e during a swimming 
y
le.3.3 AssemblingThe mi
rorobot 
oats thanks to its body made ofpolyethylene. The di�erent 
omponents are put to-gether with glue.In order to get the mean speed of the mi
rorobot,we evaluated the drag for
e of the body in water witha 
uid me
hani
 software. Then, we drew on the same�gure the graph of the thrust for
e and the graph ofthe drag for
e (
f. �gure 9). The speed of the mi
ro-robot is the abs
issa of the interse
tion of these graphs.We 
an read on the �gure 9 that the theoreti
al speedof the mi
rorobot is about 2.1 mm/s.
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Figure 9: Evaluation of the mean speed.4 Experimental resultsThe �gure 10 shows the a
hieved mi
rorobot. On theleft, we 
an see the white body of the mi
rorobot andon the right, the white �ns and the bla
k a
tuators.

The table 1 presents the general features of the mi-
rorobot. We noti
e that the real mean speed is nearthe theoreti
al mean speed. In fa
t, the mi
rorobotrea
hes a speed about 1.8 mm/s.Moreover, the mi
rorobot's motion is jerky as we
an imagine when we see the �gure 8 (an online videoon our website shows this motion very well). Thethrust for
e generates su

essively an a

eleration anda de
eleration be
ause its sign 
hanges during a swim-ming 
y
le. The balan
e of for
es is slightly positive.Thanks to those results, we 
an 
on
lude that thetheoreti
al model of the mi
rorobot is very near thereality.
10 mm

Figure 10: The mi
rorobot.Size 50�10�10 mmWeight 0.69 gBody Polyethylene (20�10�3 mm)A
tuators I.P.M.C. (12�2 mm)Fins Polyethylene (20�10�0.01 mm)Power supply 2 V, 1 Hz (external)Mean speed 1.8 mm/sTable 1: General features of the mi
rorobot.5 ImprovementsTo in
rease the eÆ
ien
y and the performan
es of ourmi
rorobot, the motion should be more undulatory.It 
ould be a
hieved by assembling several I.P.M.C.a
tuators to 
reate an eel-like waving �n (
f. �gure11).The �gure 12 presents the theoreti
al eÆ
ien
y of a50�10 mm eel-like waving �n a

ording to its numberof a
tuators. It shows that the eÆ
ien
y of the �n isbetter with more than 3 a
tuators. The more a
tua-tors are, the more eÆ
ient they are. The addition ofa 
exible �n would also in
rease the eÆ
ien
y.



Figure 11: A waving �n made of four a
tuators.

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6
0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

Number of Actuators

E
ffi

c
ie

n
c

y

Figure 12: EÆ
ien
y of a waving �n a

ording to thenumber of a
tuators.6 Con
lusionFor millimeter s
ale, the me
hani
al study we madeshows that the �sh-like undulatory motion is more ef-�
ient than the os
illatory motion.This model allows us to design a prototype pro-pelled by two beating �ns using I.P.M.C. a
tuators.The experimental results agree with the theoreti
alfore
ast. Those results validate our 
omplete theoret-i
al model of our swimming mi
rorobot.At present, we are working on a new prototype us-ing an undulatory motion in order to get a better ef-�
ien
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