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Parallel Microrobot Actuated by Capillary Effects

Cyrille Lenders, Michaél Gauthier and Pierre Lambert

Abstract— This paper presents a new actuation mean for a in liquid whose principle is based on surface tensions ieduc
parallel microrobot based on capillary effect, combining sirface by air microbubbles.

tension and pressure effects. The device presented is a colfapt Surface tension based actuation are very efficient at mi-
moving table having 6 degrees of freedom (dof) among which leb ff bl i ffects. This dotuat
three are actuated: z axis translation having a stroke of a f& croscale because of favorable scaling efrects. 1his aotua

hundreds of microns, and 6 and 6, tilt angles up to about ~Mean has been used as a gripping principle [15], and as a
15°. The structure is immersed in a liquid and the actuation driving principle for a micromotor [27].

principle is based on fluidic parameters (pressure and volum).

A model to calculate the stiffness of the system is presentexhd Il. DEVICE OVERVIEW

validated by experimental measurements. Some issues infeet . . .

to this type of actuation are also addressed. The presented The device presented here is a compliant table that can

device is an illustration of a promising solution for microrobotic  be used to perform microrobotic assembly tasks in liquid
actuation using capillary effects in a liquid media. environment. The table has six degrees of freedom (DOF),
among which three are actuated: the translation along the
direction orthogonal to the platform plane),(and two
The application field of the microrobot proposed in thisotations along axes parallel to the platform plane.
article is to offer compliant micropositioning system for The device is made out of three main components: the
micro-assembly operations. Micro-assembly, which deal$oving table, the three bubbles which are used as compliant
with the assembly of submillimetric components, consists iactuators, and the platform from which the bubbles are
gripping, moving, placing and releasing microcomponents enerated (Fig. 1).
defined locations. The major complexity in microassembly
is coming from the fact that the surface forces inducing sig-
nificant perturbations on micro-object positioning arehfyg
dependent on the environment [24]. Comparative analysis ha
shown that a liquid environment is able to reduce the level
of perturbations compared to manipulation in the air [11].
Indeed adhesion force and electrostatic force can be rdduce
and the increase of the dynamic viscosity is able to stabiliz
the behavior of the micro-object. It opens the way for new
microhandling and microactuating solutions. For example, Bubbles
submerged ice microgripper able to release object in liquid
without adhesion perturbations has been proposed by Lopez- gg:’;ﬁgﬂﬂ“s to
Walle [21], [22], [20]. Dielectrophoresis or optical non
contact manipulation usually used with biological cell§icarig. 1. Schematic view of the device, composed of a comptiie lying
also be used to control the position of the microcomponents 3 bubbles generated from a platform
in liquid [2], [12], [13]. Recent works has also shown that
the modification of the chemical properties of the medium Bubbles are the key of this device. Thanks to surface
(e.g. pH) is able to change the adhesion properties of abjed¢ension at the gas-liquid interface, and to the comprdagibi
from an adhesive behavior to a repulsive one [6], [7]. In thaef the gas, a microbubble can be used as a compliant actuator.
case, chemical stimuli could be used to directly control thendeed, the force developed by a bubble sandwiched between
grasping and the release of the objects with a monodigittdo solids has two components: one due to surface tension
gripper [8]. Beyond microhandling, micro-assembly in lidu along the triple line, and one due to the pressure difference
requires also micropositioning stages which is the frantkwo across the interface. If the contact angles in the liquid are
of this article. We are proposing a microrobot principlaragt smaller than 989 the mean curvature of bubble interface is
positive, and the pressure inside the bubble is larger than
. . .. in the surrounding liquid. When the bubble is squeezed, the
¢. Lenders and P, Lambert are with Faculty of Applied Sciendtio bubble is compressed and exerts a repulsive force on the
Electro and Mechanical Systems Department, Universite lde Bruxelles
(U.L.B.), Av. F.D. Roosevelt 50, 1050 Bruxelles, Belgiumnil: clen- solids. When the bubble is stretched, the bubble exerts an
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AS2M Department, 24 rue Savary, 25000 Besancon, Franceaile-m tO. a spring, from a mechanical point of view. But we
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I. INTRODUCTION
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compared to classical mechanical springs. One of these @ Haud ®)

advantages is that it is possible to actuate the bubbleg usin
fluidic parametersR,V). &\\\\\}\\\m
chori
7 means +

To be efficient, it is necessary to control the generation of
triple line

the bubbles. The best way is to use a system derived fr4

a syringe pump: the idea is to vary the volume of a tan
co_nta_unlng gas in order to pu_sh the gas (_)ut of a hole. Th . o
principle has been developed in [19], in which it is undextin To gas container To gas container
that surface tension must be taken in account in the bubble 5 llustration of e of the table. A bubble is aeted from th

H . H L 2. ustration or one leg O e table. u e IS gaxted from the
generator deS|gn' Some authors propose other pr|n0|plles Ec}gtform and lift the table. The anchoring means are in tasegyeometrical
bubble generators, such as electrolysis [3], [4], [5], [2BY],  changes that improves the fixation of the line where sotjdidl and gas
[28] or temperature rise [1], [9], [10], [16], [26], but the touches each other (triple line)

control of bubble size is more complex with these methods.

[1l. DESIGN AND MANUFACTURING which is squeezed to generate the bubble. The volume of

When designing the device, the weight of the table shou@@s initially contained in the hose can be adjusted by filling
be of course considered, since it will use some of the bubbiB® hose with an incompressible fluid (Fig. 3).
compliance to reach equilibrium. Consequently, the tabke h
a trefoil shape (Fig.1) in order to reduce the weight of the
platform. Gas

But more important is the anchoring of the bubbles on
the platform and on the table. The anchoring is a mean to
ensure the bubbles will remain at a specific location even \

Jan) .

Bubble

Tank Hose

under mechanical stress. Two methods can be used to ensurgid Platform
this anchoring: a mechanical method and a chemical method \

. . . . Gas
[25]. In both cases, the idea is to create an energetic barrie
prevgntln_g the ”'P'e line to move. The me,Chamcal rT“:"thoF—iig. 3. lllustration of volume controlled bubble generdiarthe prototype.
consists in creating a sudden variation in the solid pag bubble is grown by squeezing the flexible hose joining thatfpim and
profile: the contact angl® must increases up to an anglea container
called advancing angle value before the triple line can move
The chemical method consists in the deposition of a coating IV. EQUATIONS

having a different surface energy. Here again, a movement_l_h timat ¢ thi is to find the d :
of the triple line requires a change of the contact angle at € ultimate purpose ol this paper 1S 1o find the dynamic

the borderline of the two surfaces with different energy. _equation o predict the movement of the table l_mder mechan-

Another advantage for bubbles is that they induce the autk?—al stress. We. propose ta model the dynamic of the_ table
matic centering of the table. Because of energy minimipatio as a mass-spring-dashpot system. The general equations for
bubbles tend to have the smallest possible interface :mrfa@cwated movements are:
Henceforth, the bubbles will always move the table in such a mh+ bh+ ke h
way they are in the most favorable position. If the table and
platform anchoring means have the same layout, the table
will automatically centers above the platform to superposeherem is the mass of the tabld is the gap between the
both layouts. The assembly of the table with the rest of thelatform and the tabldy, is the viscous friction coefficienk;
device is therefore very easy. is the stiffness coefficienR; is the force resultant component

The presented prototype is made out of aluminum and hasong the axis orthogonal to the platform (z axig), is the
been manufactured using a conventional CNC milling mamoment of inertia along andy axes,axy is the rotation
chine. In this design, the anchoring has been realized usiaggle in the directiorx andy, by is the viscous coefficient
the mechanical method. Figure 2 (a) shows the anchoririgr rotation movement; is the rotation stiffness coefficient,
in this first design. This method has the advantage of beirmdl'yy is the torque resultant alongandy direction.
very simple. However, there is a more efficient configuration The objective is to find values fdg, b, k; andby. In this
illustrated on Fig. 2 (b), but this configuration could not begaper, we will focus on the modeling &f.
manufactured using conventional machining processes. WeTo determine the stiffness of the table, we have to deter-
have already started investigating to find other manufacur mine the stiffness of one bubble. The total stiffness can be
means. One promising method is to use an excimer laserg¢een as the sum of the stiffness for each bubble, since the
machine polycarbonate. configuration is like three parallel springs.

The bubble generator is based on a volume controlled gasTo find the stiffness of a single bubble, we have to model
injection principle, like a syringe pump. In the prototypethe force developed by a bubble as a function of the distance
the bubble generator is a flexible hose containing the gasetween the table and the platform. This model takes account

Valve Compression system

= R (1)
|X)y a.).()y + br a;()y + kr ax)y = rxl’y (2)



of the total volume in the bubble generator gas cirsyithe -
surfa}ce.tensio_n at the fluid-gas interfagethe pressure in [ APdSZ — anPz (8)
the liquid outside the bubblgy, the temperaturé&, and the
geometry of the anchoring means.

We suppose that the anchoring means are Circu|ar, and theThe vertical force is therefore a function of the curvature,

table is placed above the platform in such a way that th&e surface tension and the gap. It is interesting to note tha
bubbles have an axisymmetric shape. because the curvature is linked to the pressure by (3), the

Lap|ace law relates the surface tensi¢n the pressure knOW|8dge of gas mole number and pressure should therefore
difference across the interfadd® = P, — Poy, and the mean be sufficient to deduce the gap)(and the force applied to
curvature of the interfackl: the table F) (Fig. 4). This is interesting because pressure

measurement can be done anywhere in the gas circuit.

Solid/gés interface

AP = 2yH 3)

_ ) _ n»MdIAF n»MdI»F
If the he|ght. of the bubble is ;maller than the c_ap_|llary h—» odel] H AP > odel] h
length, the variation of hydrostatic pressure alangxis is
negligible. Therefore, the mean curvature is uniform alang

axis. The equation of interface profitéz) is aiven by: Fig. 4. Our model allows to fingH and F assumingn and h. This model
q P ¢ ) 9 y 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
AP ol — 2 n 1 4)
y 2\ 2 2\ 2 The model detailed above was used to size up the proto-
(1+ 3—;) ) r (1+ (Z—rz) ) type (Fig. 5). We first define the geometry of the anchoring

N _ _ circle. Then we assume a bubble having a certain height is
The boundary conditions for this ODE are given by thgyenerated from the platform. From these data, it is possible
bubble anchoring means, which imposeat both ends of to define the distance between the table and the platform
the profile. The value of the mean curvature is constraineghen they come into contact. Then we vary this distance
by fluidic parameters. Indeed, Laplace equation (3) inéeatand we search for the interface mean curvatdrensuring
that surface tension is responsible for a pressure vamiatigy constant gas mole numberOnceH is found for a value
in the bubble. Since the bubble is compressible, the presswf the gap, it is possible to calculate the force generated
rise in the bubble will be responsible for a change of volumeyy the bubble. Knowing the force for each gap value, it is
Using gas law, it is possible to determine the new volume gjossible to determine the stiffness of the bubble. Moreover
gas in the system (volume in the bubble and volume in thgie model predicts that the volume of the gas circuit will

gas container): have a significant influence on bubble stiffness.
(P+AP)V =nRyT (5)
The mean curvaturkl must be chosen so that (5) agrees u u
with the number of molen in the gas system. As a result
there is a coupling between surface tension and gas com-
pressibility.

When the geometry of the interface is found, it is possiblEig- 5. Principle of the experimental validation of bubbtifisess model.
t lculate the f ted by the b bbi A | First a single bubble is generated from each hole of the gutatf Then
0 ca.cu ale the torce generated by the bubble. AS alrea table is layed on the bubbles and the distandeetween the table
mentioned, the force developed by a bubble has two compand the platform is measured. Finally, different known reasare added
nents [14]_ successively and the evolution ofis measured

The surface tension force represents the tension in the o
interface. The force is the resultant of the distributectéor  1his is illustrated in Fig. 6, where we have plotted the
tangent to the interface along the triple line. It is projuoral evolution of the force generated by a bubble as a function

to the sine of the contact angle, and to the surface tensioff the gap distance. There is a distance at which the force is
zero, which is the distance at which bubble and table come

Frs= 7{ ysin(8)dlz= rsysin(6) z (6) into contact. The shape of the bubble is at this point a portio

of a sphere. If the distance increases, we see that the force
) ) ) ) is negative, pulling the table towards the platform.

wheres is the diameter of the anchoring circle and: Another interesting property that can be demonstrated by

1 or this model is that for a given geometry (given anchoring

=—— (7) position), the stiffness of the bubble is function of theurak

tan(6) oz in the gas circuit. If the volume increases, the bubble will

The pressure force represents the effect of the pressiye more compliant. If the volume is just large enough to
difference across the bubble interface: generate one bubble, the behavior of the bubble will be

Triple line
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Fig. 6. lllustration of force vs. gap evolution for diffetegas system
volume &pottom = 1073m, Sop = 0.8-103m, y = 72-103Nm™%, hyny =
0.4-103m andPy = 101325Pa). If the gas container is large (here163),
a small variation of volume will not change pressure sigaifity, so the
pressure variation and bubble curvature variations ard.sfie stiffness of
the bubble is in this case small. On the contrary, if the gasesy volume is
small (here 108 m®3), any volume variation will induce a significant change
in the gas pressure, and the shape of the bubble will varyifisigmtly.
The stiffness of the bubble is therefore larger. We have midiwated the
case of an incompressible fluid, for which the stiffness isnelarger. Both
illustrations show the shape of the interface for the minitteft) gap and
maximal (right) gap

close to the one of an incompressible fluid, but will remain

compliant because the interface can change its geometry. 7 %
This is illustrated on Fig. 6 where we see that the order // // i
of magnitude for stiffness is 1N. - . "

V. EXPERIMENTAL RESULTS Fig. 7. lllustration of the capillary driven robotic tablemcept. Three
) ) . bubbles are generated from the platform, and the table ispéib on the
The model has been validated experimentally using thibbles. The table is automatically self centered aboveptatiorm (a).

prototype. We first present a demonstration of the use of tH@ counterbalance the force exerted by the table, the balsblange their
. . shape as the gap distance reduces (b). If supplementarg i®rapplied,

prototype. Then we will apply mechanical loads _On_ the tablfﬁe table moves down as the bubble generated force incrégsesis also

and compare the actual stiffness to model predictions.  possible to lift or tilt the table by injecting more gas in thebbles (d)

A. Demonstration of the Prototype

We have manufactured and tested the prototype of the .
bubble carried compliant table. We have demonstrated that

bubbles were able to withstand the force exerted by an alu-
minum table. We have also demonstrated that the table was E‘ EP ﬁ ‘
compliant and able to move under an external solicitation. . £t

@ (b) (© (d

Finally, we have also demonstrated that it is possible to til

the table or to move it in the vertical direction, by contiryi _ N

the amount of gas injected in each bubble. All these resulf&- & \fe"" Ofl the d'frf]ere”tzgggrees OL freedom. (ar)1 refefgf"os't'°”’
: g . tical t t , (c,d) rotat

are illustrated in Fig. 7. The 3 actuated DOF are illustrate vertical transiation (here: 250um), (e.d) rotations (heres 107)

in Fig. 8.

B. Validation of Vertical Force Model

The model has been validated experimentally using thtbe experimental results. This is due to the hypothesis of
prototype. We used an image recording system to measuraving a constant number of gas moles, which is not satisfied.
the gap, and we increased the force applied on the talleorder to best match the measurements by the model curve,
by posing objects of known mass and density on the tableie have assumed a linear diminutionrofvith the gap, i.e.
Figure 9 shows the measurement points and the correspomdth the experiment time, of at maximum3%. We can
ing model curve. Each measurement has been repeate@dclude from these results that in these configuratioms, th
times, inducing some dispersion on the gap measured. Sowestical stiffness of a single bubble is about 1N The
deviation has been initially observed between the model arstiffness of the entire table is 3 times this value.
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Fig. 11. Comparison of permeability model of gas permeattmough

C. Leak Tightness Issues flexible hoses with experiments. When the liquid is silicooi, the
. permeability of the silicone hoses explains the origin of geole decrease in
There are two root causes for this decrease of gas maig system. When the liquid is water, only a part of the gasrdetrease is

in the circuit: the permeability of the flexible hoses made 0¢XP|<'=t1i“ed bl(/j_the Ipi,rme?bi'ri]ty of tthe silicone hose, theedéfice is probably
silicone, and the gas dissolution in the liquid. A model of'u® ' 9as dissolution in the water
membrane permeability is given by [29]:

Vgd To improve the device, it is therefore important to choose
e= AtAP (9)  materials with a low permeability, such as PTFE instead of
silicone. It is also important to prevent gas dissolutiothie
liquid. This can be done by either saturating the liquid with
the hose wall, equal tartD| whereD is the inner diameter gas, or by_using a quu?d in which gas dissolution is_ weak,

such as silicone oil. An improved version of the experimenta

of the flexible andl is the length of the hose filled with setup has been built which gives promising results to avoid
gas,t is the time and\P is the pressure difference between P 9 P 9

inner and outer side of the hosBe is a function of the 92> leakage (Fig. 13).
material, but also a function of the gas considered. For

silicone, Pe= 6510°cn?s 1cmHg for & molecules, and 1 Hicroposiioning
Pe=2810°cn?s tcmHg for N, molecules. For gas mixes,

wherePeis the permeability of the materialg is the volume
of gas permeating through the materidl,is the area of

45° mirror Glass slide

Bubble

Light

partial pressures must be used. For our application, if we
supposeAP,, = 0.2AP and ARy, = 0.8AP, we can estimate
the number of mole permeating through the hose wall.

To evaluate the decrease of mole number in the gas system,
we have recorded a single bubble at the rate of 1 frame per
second in water (length of hose filled with air3n, pressure e _—
drop estimated from first bubble and assumed constant: \ -
186Pa). We represent some of the frames in Fig. 10. The \ Prattorm
same experiment has been realized with silicone oil (length Gas
C.'f hose filled with ait: 0.7m, pressure drop estimated frC'mFi .12 lllustration of volume controlled bubble generator the
first bubble and assumed constant: 62Pa). We have plottgdiotype. Three bubbles are grown by injecting gas fronnggs actuated
in Fig. 11 the evolution of mole number from experimentsy a microposioning stage. The table is then deposited otbubbles
with water and oil, and the corresponding results due to the
model of permeability. We see th_at the permeabil_ity exain VI. CONCLUSION AND PERSPECTIVES
the gas mole number variation in the case of oil, but does ) ) ] )
account only for a part of the variation in the case of water. e have presented in this paper a new design of compliant
With water, we suppose that the difference between mogtéable, using the properties of gaseous bridges as compliant
and experiment is due to air dissolution in the water. actuators. So far, we have validated the general concept and
the model giving the stiffness of the table. There is stilFkvo
1The remaining of the hose was filled with water to do to validate the other dynamic parameters.
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Fig. 13. View of an enhanced version of the test bed. The mcshows [15]
the manual micropositioning stages used as syringe pumgsha test cell
where the platform is immersed in a liquid. The illustrategfsion uses
PTFE hoses and gas tight syringes [16]

The lateral stiffness of a bubble must also be studied i’
order to predict the lateral forces that can be handled by the
device. If the stiffness is too weak for the application, ig18]
it is possible to add bubbles in the system to push against
the lateral faces of the table. Finally, some technologicgio
issues must be addressed. For example, we suppose in our
model that the number of gas mole is constant. The model
is very sensitive to this parameter and any gas dissolution j20]
the liquid or any gas leak should be carefully avoided. The
improvement of the anchoring sites must also be address&ﬁ
using new manufacturing technologies.
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