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Three DOF Microrobotic Platform Based on Capillary
Actuation

Cyrille Lenders, Pierre Lambert, and Michaél Gauthier

Abstract—This paper presents a new microrobotic platform actuated
by capillary effects, combining surface tension and presse effects. The
device has 6 degrees of freedom (dof) among which three aretaated:
z axis translation having a stroke of a few hundreds of micros, and
6¢ and 6y tilt up to about 15°. The platform is submerged in a liquid
and placed on microbubbles whose shapes (e.g. height) areidm by
fluidic parameters (pressure and volume). The modeling of tls new
type of compliant robot is described and compared to experirantal
measurements. This work paves the way for interesting actu@mn and
robotic solution for submerged devices in the microscale.

Index Terms—Micro/Nano Robots, Manipulation and Compliant As-
sembly, Fluidic Actuators, Surface Tension.

I. INTRODUCTION
Micro-assembly deals with the assembly of submillimetrigne

Bubbles

Connections to
gas circuit

Fig. 1. Schematic view of the device, composed of a compliable lying

on 3 bubbles generated from a platform

Bubbles are the key of this device. Thanks to surface tension
at the gas-liquid interface, and to the compressibility loé gas,
a microbubble can be used as a compliant actuator. Indeed, th

ponents. The operations consisting of gripping, movingeiplg and force developed by a bubble sandwiched between two solisisvita

releasing microcomponents at defined locations have to wéhl
forces inherent to microworld. To minimize the effects ofmso
of these forces that are difficult to control, a strategy @issin
performing the manipulation in a liquid [10].

components: one due to surface tension along the triple(Vilere

solid, liquid and gas touch each other), and one due to thespre

gradient across the interface. If the contact angles inithed are

smaller than 90, the mean curvature of bubble interface is positive,

To achieve the objective of automated assembly of microa:xampand the pressure inside the bubble is larger than in the g

nents, there is a need for new devices that will address therdu
problems of micro-assembly such as the lack of compliance
the structures, which, combined with positioning and maatufring
errors, can lead to the destruction of the components [20], [

Some authors have proposed to include compliance in thpeysp
[6], [12], [21], [23], but the drawback of such devices is thigk
of oscillation when accelerating the gripper. Other awthbave
proposed to include compliance in the support table, basethe
use of springs [4]. But these systems are generally bulkyamile
if a low stiffness is required. Besides, these systems dammeasily
actuated. We propose in this paper a novel compliant talperform
assembly operations, which is based on the use of surfas@éoten
effect of gaseous bridges (bubbles) between two solids iquadl
Such table could be used as support for assembly operatidthsa
moving microgripper bringing new components and assemgltiam.

Using bubbles as actuation mean for microsystems has glre
been investigated, but their are generally based on thensipaor
coalescence of bubbles [19], or their compliance are nantakto
account [9].

The objective of this paper is to present the microbubbketa
actuation system, a model to predict its behavior and firtallghow
the advantages of such system.

II. DEVICE OVERVIEW

The device presented here is a compliant platform that can
used to perform microrobotic assembly tasks in liquid envinent.
The table has six degrees of freedom (DOF), among which tuee
actuated: the translation along the direction orthogamtti¢ platform
plane @), and two rotations along axes parallel to the platform @lan

Iiiuid. When the bubble is squeezed, the bubble is compileasd
erts a repulsive force on the solids. When the bubble écéted,

the bubble exerts an attractive force on the solids. Its \dehas

comparable to a spring, from a mechanical point of view. Bet w

will demonstrate that a bubble presents several advantagepared
to classical mechanical springs. One of these advantagéstist is

possible to actuate the bubbles using fluidic paramefks) (

To be efficient, it is necessary to control the generationhef t
bubbles. An interesting way is to use a system derived frogriage
pump: the idea is to vary the volume of a tank containing gas dier

to push the gas out of a hole. This principle has been develape

[15], in which it is underlined that surface tension must aken in
account in the bubble generator design. Some authors pagbsr
principles for bubble generators, such as electrolysis [&] [5],

ELiIiG], [13], [22] or temperature rise [1], [7], [8], [12], [18but the

control of bubble size is more complex with these methods.

Il1. DESIGN AND MANUFACTURING

When designing the device, the weight of the table should be
considered, since it will use some of the bubble complianceach
equilibrium. Consequently, the table has a trefoil shapg.{f in
order to reduce the weight of the platform.

But more important is the anchoring of the bubbles on thefqoiiat

BRd on the table. The anchoring is a mean to ensure the bubbles
will remain at a specific location even under mechanicalsstr&wo

methods can be used to ensure this anchoring: a mechanitabane
and a chemical method [17]. In both cases, the idea is toeiat
energetic barrier preventing the triple line (where soliguid and

The device is made out of three main components: the MOVigds hhases meet) from moving. The mechanical method cersist

table, the three bubbles which are used as compliant acsuatod
the platform from which the bubbles are generated (Fig. 1).
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creating a sudden variation in the solid part profile: thetacnangle

6 (Fig. 4) must increase up to an angle called advancing arajleev
before the triple line can move. The chemical method cangisthe
deposition of a coating having a different surface energyethgain,

a movement of the triple line requires a change of the coratagte
at the borderline of the two surfaces with different energy.

Another advantage for bubbles is that they induce the automa

centering of the table. Because of energy minimization, bl
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tend to have the smallest possible interface surface. Hamicethe wherem is the mass of the tabléd, is the gap between the platform
bubbles will always move the table in such a way they are in ttand the tableb; is the viscous friction coefficienk; is the stiffness
most favorable position. If the table and platform anchgrnneans coefficient, Fext is the force resultant component along the axis
have the same layout, the table will automatically centavalthe orthogonal to the platform (z axis)xy is the moment of inertia
platform to superpose both layouts. The assembly of theetaith alongx andy axes,axy is the rotation angle in the directionandy,
the rest of the device is therefore very easy. by is the viscous coefficient for rotation movemek,is the rotation
The presented prototype is made out of aluminum and has bestiffness coefficient, andfxy is the torque resultant along andy
manufactured using a conventional CNC milling machine. His t direction.
design, the anchoring has been realized using the mechamtiaod. In this paper, we will focus on the modeling &f. To determine
Figure 2 (a) shows the anchoring in this first design. Thishoet the stiffness of the table, we have to determine the stiffrafsone
has the advantage of being very simple. However, there is 1@ mbubble. The total stiffness can be seen as the sum of theestifffor
efficient configuration, illustrated on Fig. 2 (b), but thisnfiguration each bubble, since the configuration is like three parafiehgs.
could not be manufactured using conventional machininggsses.  To find the stiffness of a single bubble, we have to model tiheefo
We have already started investigating to find other manufeggy developed by a bubble as a function of the distance betweetalite
means. One promising method is to use an excimer laser toineachand the platform. This model takes account of the total velum
polycarbonate. the bubble generator gas circMt the surface tension at the fluid-
gas interfacey, the pressure in the liquid outside the bubBlg the
Liquid temperaturel, and the geometry of the anchoring means.
We suppose that the anchoring means are circular, and the tab
@ is placed above the platform in such a way that the bubbles hav
axisymmetric shape.

Table - Laplace law relates the surface tensigrthe pressure drop across
I Anchoring . . . .
+ the interface AP (pressure inside bubble minus pressure outside
Platfom triple line bubble), and the mean curvature of the interfet¢Fig.4):

®) AP = 2yH @)

To gas container

If the height of the bubble is smaller than the capillary tng.e.
Bond number smaller than 1, meaning that gravity effectsaxer
than surface tension effects), the variation of hydrostatiessure
alongz axis is negligible. Therefore, the mean curvature is unifor

platform and lift the table. The anchoring means are in thisecgeometrical

changes that improve the fixation of the line where soliditicand gas touches

each other (triple line) 9%
EP on - R ! @)
The bubble generator is based on a volume control, like aggri y or\2 3 or\2 3
pump. In the prototype, the bubble generator is a flexibleehos (1+ (E) ) r<1+ <7z> )

containing the gas, which is squeezed to generate the hubb&e
volume of gas initially contained in the hose can be adjudted
filling the hose with an incompressible fluid (Fig. 3).

The boundary conditions for this ODE are given by the bubble
anchoring means, which imposeat both ends of the profile. The
value of the mean curvature is constrained by fluidic pararset
Indeed, Laplace equation (3) indicates that surface tarisicespon-
sible for a pressure drop across bubble interface. Sinceuhble is
compressible, the pressure variation in the bubble willdsponsible
for a volume change. Using the gas laR(is the gas constant), it
is possible to determine the new gas volume in the systemb(bub
plus gas container):

Liquid Jany —+ \ Platform (Po+BP)V = nRyT 5)
Gas

Valve Compression system

Bubble

Tank

The mean curvaturel must be chosen so that (5) agrees with the
Fig. 3. lllustration of volume controlled bubble generator the prototype. number of molen in the gas system. As a result there is a coupling

A bubble is grown by squeezing the flexible hose joining thefptm and a Petween surfgce tension and gas CompreSfSi_bi”ty- _
container When the interface geometry is found, it is possible to dateu

the force generated by the bubble. As already mentionedfotice
developed by a bubble has two components [11].
IV. EQUATIONS The surface tension force represents the tension in thefanee
The force is the resultant of the distributed force tangenttte
interface along the triple line. It is proportional to theneiof the
contact angle, and to the surface tension:

The ultimate purpose of this paper is to find the dynamic egoat
to predict the movement of the table under mechanical sti&fes
propose to model the dynamic of the table as a mass-spristypda.
system. The general equations for actuated movements are: Frs— ' ysin(8)diz= msysin() z (6)

mh+bh+kh = Fex 1) Triple line
IxyOxy+br axy+kaxy = Txy (2) wheresis the diameter of the anchoring circle and:
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E Fro . | Fig. 6. To calculate the force applied by the bubble on théetabfirst guess
is made for the mean curvature of the bubHleTogether with the gap, the

profile of the bubble is calculated, from which the volume lné bubbleV,

is inferred.H is also used to calculate the pressure dédpacross bubble

interface. The pressure and volume lead to the amount of géssm which

is supposed constant. In caséds not correct, the valuél is adjusted and a

Fig. 4. Free body diagram of the systelis the gap between the table new iteration is performed

and the platformW andB are the weight and the buoyancy, respectivelig

the diameter of the pinning circle, the triple line. The dapy force has two

componentsFrsis the surface tension contribution, which must be integtat . . S . .
along the triple line, andfp is the pressure drop contribution, which must beat which the force is zero, which is the distance at which kiabd

integrated on the surface delimited by the triple line. table come into contact. The shape of the bubble is at thist @i
portion of a sphere. Ih increases, we see that the force is negative,
pulling the table towards the platform, whilehifdecreases, the force

is positive, pushing the table away from the platform.

or
cotarf = ~ 92 @)
z x107* Force vs. gap
The pressure force represents the effect of the pressudiegta 4 ‘ ‘ ‘

. . Incompressible fluid
across the bubble interface: Small gas container volume

O  Large gas container volume| |

X .

P — / / APdSZ— néAPZ ®)
Solid/gas interface 2t |

The total vertical forcé= = Fp + Frg is therefore a function of the
bubble shape and the surface tensjoBubble shape is given by its
mean curvaturéd and the gaph. TogetherH andh define a volume
which is linked to the pressure by (3) and the number of gasemc
n in the system. It is interesting to notice that these equnatimould
be inverted, where the number of gas mole and the pressutgdshc
be sufficient to deduce the gdpand the force applied to the table
F (Fig. 5). This is interesting because pressure measureca@nbe
done anywhere in the gas circuit, avoiding the need for atipasi

1.7 18 1.9 2 21 2.2 23
sensor to measure gap h (m) ”

force F (N)
-

ok —6——o6- o J

|
|
|
|
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—» Fig. 7. lllustration of force vs. gap evolution for diffetegas system volume.
The initial bubbles are the same for each simulati@gm=10"3m, Stop =
0.8-103m, y=72-103Nm™1, By = 101325Pa and bubble height before
contact: 04-103m). If the gas container is large (here fon3), a small
variation of volume will not change pressure significandg the pressure
variation and bubble curvature variations are small. Thimsss of the bubble
is in this case small (@Nm™1 at h=200um). On the contrary, if the gas
system volume is small (here 19m?3), any volume variation will induce
a significant change in the gas pressure, and the shape ofuii@ebwill
) ) vary significantly. The stiffness of the bubble is thereftarsger (39Nm 1t
The model detailed above was used to size up the prototype. W& — 200um). We have also indicated the case of an incompressible, fluid
first defined the geometry of the anchoring circle. Then weirassl  for which the stiffness is even larger (B2Im~1 at h = 200pm)
a bubble (known height) is generated from the platform. Base
these data, it is possible to define the distance betweeralihe and

the platform when they come into contact. When the table &ed t

bubb!e make cont.acF, N 0. From.the model, we search fEr. asa The model has been validated experimentally using the fyjmo
function ofh. The iterative resolution scheme is shown in Fig. 6. We\4 i<t present a demonstration of the use of the prototypenTve

vary the distancén and we search for the interface mean curvatur\ﬁi" apply mechanical loads on the table and compare thénetis
H ensuring a constant gas mole numbeiWhenH is found for a to model predictions

value of the gagh, it is possible to calculate the force generated by

the bubble. The derivativF /dh allows determining the stiffness of .

the bubble. Moreover, the model predicts that the voluménefgas A Demonstration of the Prototype

circuit will have a significant influence on bubble stiffness We have manufactured and tested the prototype of the complia
In Fig. 7, the evolution oF as a function of the gap distanbeés table carried by bubbles. We have demonstrated that bulides

Fig. 5. Our model allows to findH and F assumingn and h. This model
can be inverted to finé andh from the knowledge oh (known from setup
configuration or calibration) andP, which may be measured anywhere in
the circuit

V. EXPERIMENTAL RESULTS

drawn for configurations with a large gas tank and a small gak, t
leading to different stiffnesses. We have also indicatedrésults if
the fluid was not compressible (constant volume). There istarnite

able to withstand the force exerted by an aluminum table. Wi h
also demonstrated that it is possible to tilt the table or tvenit in
the vertical direction, by controlling the amount of gasetigd in
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each bubble. The 3 actuated DOF are illustrated in Fig. 8allin
we have demonstrated that the table was compliant and abieve
under an external solicitation (Fig. 9).

— — == S

b, ’. J .' A 4 A
(a) (b) © @

Fig. 8. View of the different degrees of freedom. (a) refeeeposition, (b)
vertical translation (herez 250um), (c,d) rotations (here: 10°)

aluminum .
hol r wir
table ole coppe e

e

bubbles  table

Fig. 9. lllustration of the table compliance. A 20& diameter copper wire
has been glued on the table. An aluminum plate with apd@@iameter hole
is moved down. Bubbles under the table change their shapelér o absorb
the misalignment of the wire and the hole, preventing th@meétion of the
copper wire

B. Validation of Vertical Force Model

The model has been validated experimentally using the tymto
We used an image recording system to measure the gap,

we increased the force applied on the table by posing objefcts

the measurement points and the corresponding model cuaeh

the model curve, we have assumed a linear diminutiom efith
the gap, i.e. with the experiment time, of at maximurf%. This is
justified by the gas dissolution in the liquid, and by the peaiyility
of the flexible hoses used in the system.

E
measurement has been repeated 5 times, inducing somesiisper
on the gap measured. In order to best match the measurements

-5
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Fig. 11. Experimental validation of the vertical force mbdehe unfilled

symbols represent the measurements, the filled symbols wescuepresent
the solution from the model corresponding to the experiaiesg¢tup condi-
tions (absolute gap values depend on initial bubble sizkg Mean stiffness
is 0.86Nm 1 (0), 0.67Nm1 (O) and 069NM 1 (A)

actuators. So far, we have validated the general concepghandodel
giving the stiffness of the table. There is still work to dovalidate
the other dynamic parameters.

The lateral stiffness of a bubble must also be studied inrorde
to predict the lateral forces that can be handled by the deViche
stiffness is too weak for the application, is it is possildedd bubbles
in the system to push against the lateral faces of the tallmeS
technological issues must also be addressed. For exampjppose
gﬁ ur model that the number of gas mole is constant. The misdel
very sensitive to this parameter and any gas dissolutioheniguid
or any gas leak should be carefully avoided. The improvenoént

S . ) . .

\%e anchoring sites must also be addressed using new méaurirfgc
technologies.

inally, the current prototype is actuated manually by aerafor.
An new actuation system, which can be driven by a controiter,
currently under development.
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Fig. 10. Principle of the experimental validation of thetieal force model.
First, bubbles are generated. Then the table is laid on theblés. The

corresponding gah is such that bubbles compensate the weight of the table,

minus buoyancy. Finally other masses are added on the taBlltha evolution
of h is measured)

V1. CONCLUSION AND PERSPECTIVES
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