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3D droplet displacement in microfluidic systems by electrostatic actuation
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A conducting droplet set on the lower plate of a condenser acquires an electrical charge when subjected to an electrical field. Above a threshold 

alue the electrical force lifts the droplet. If the droplet’s charge does not leak away, the droplet moves up to the upper electrode and bounces on 
t. Coating the upper electrode with a dielectric layer allows the otherwise regular droplet back and forth motion to be controlled. This new idea 
s applied to a droplet-based microfluidic system which drives droplets by electrowetting on a planar array. In this way additional flexibility is 
chieved since droplets can be displaced and controlled in the three space dimensions.
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. Introduction

Droplet or “digital” microfluidics enables a whole range
f operations (droplet dispensing, displacement, coalescence,
tc.) affecting droplets, which act as genuine microreactors,
or integrating chemical or biological protocols [1]. Our work
oncerns the study of the electrostatic forces exerted on the
uid/fluid interfaces to perform more flexible droplet displace-
ents. A fundamental study, both experimental and theoretical,
as made on the behavior of a water droplet into a plate con-
enser whose dielectric is a liquid immiscible with the droplet.
he goal is to add a vertical motion to a standard electrowet-

ing [2] device on which micro-droplets can be displaced along
single horizontal surface. More precisely, the aim is to bring,

n a controlled manner, the droplet from the lower first single
lane to a higher plane [3], by the action of electrostatic forces,
ithout the droplet remaining stuck on this higher plane. The

esulting microfluidic system is flexible. It enables the uncou-
led use of the three spatial dimensions: the 2D space of the
ower substrate is devoted to the displacement of droplets, while

he higher substrate, via vertical displacement on certain previ-
usly determined sites, storage zones or functionalized sites,
rovides progressive completion of chemical and biological

∗ Corresponding author. Tel.: +33 438782230; fax: +33 438785787.
E-mail address: rouxjm@chartreuse.cea.fr (J.-M. Roux).
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perations. Many applications can be foreseen. In particular,
t is possible to reduce significantly the time required to com-
lete certain classic molecular biology protocols. For example,
he micro-droplet containing all the reagents required for DNA
mplification could be transferred very quickly from one heat-
ng site to another: the thermal cycle time would be considerably
educed.

First, we present the possibility of lifting a water micro-
roplet, in a liquid dielectric, from one plate of a plane condenser.
e then show that depending on the configurations used, the
ovement of the micro-droplet can be either an uncontrolled

ack and forth movement between the condenser electrodes [4]
r, on the contrary, as in our case, a controlled transfer of the
roplet from one stable position on one plate to another sta-
le position on the other plate. Theoretical elements borrowed
rom Lebedev and Skal’skaya [5] and Jones [6] are introduced
o interpret the droplet behavior.

The final part describes the development of an innovative
icrofluidic system that associates the studied displacements

nd electrowetting-based displacements along a flat surface. We
emonstrate that the droplets formed in the micro-device from
he on-chip reservoirs can be displaced either by electrowetting
n a flat surface of the device or fly from the electrowetting-

ased chip surface to reach another plate; all operations being
eversible. The proposed device therefore broadens the possi-
ilities of electrowetting and introduces a new generation of
icrofluidic systems enabling complex droplet manipulation.
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. Droplet take-off

A fundamental starting point is provided by an old theoretical
tudy of Lebedev and Skal’skaya [5]. These authors determined
he charge Q0 (1) taken by a perfectly conductive sphere, of
adius R, in contact on one of the plates of a plate condenser and
ubjected to the electric field E between the two plates. In this
onfiguration, the resulting electrostatic force (2) exerted on the
phere perpendicularly to these plates was also calculated. One
estriction is that the radius R of this sphere must be negligible
ompared to the inter-plate distance h:

0 = 4πεε0ER2ζ(2) (1)

z = 4πεε0E
2R2

{
ζ(3) + 1

6

}
(2)

he function ζ is Riemann’s Zeta function and E=|E|.
Under the effect of an electric field, the free charge carriers of

perfect conductor are spread over its surface; global charge and
lectric force must therefore be linked to the conductor surface.
n expressions (1) and (2), these values are proportional to the
phere’s surface area.

It has been demonstrated that the acquired charge Q0, called
he Maxwell charge, depends on the sign of the electric field,
ut the force Fz exerted along the axis perpendicular to the elec-
rode always tends to detach the sphere. Indeed the force being
roportional to the square of the applied electric field intensity,
t is independent of the field sign. Whatever the sign of the elec-
ric field the acquired charges force the sphere to depart from
he electrode. However the study of Lebedev and Skal’skaya [5]
oes not explain the exact nature of the electrostatic force Fz

hich is not only the Coulombian force Q0E.
The previous approach, based on the use of bispherical coor-

inates was taken up and confirmed later by Jones [6] using a
ultipolar approach. Here, the force is divided into one compo-

ent tending to lift the sphere (Coulombian force Q0E relative to
he global charge taken by the sphere) and one attractive compo-
ent, due to the mutual force of attraction between the sphere and
ts image in relation to the plate; indeed, the presence of the elec-
rode with uniform potential imposes deformation of the electric
eld around the sphere. More recently, Takahashi et al. [7] has
tudied the motion of a micro-ball into a plate condenser and
umerically calculated (boundary integral method) the depart-
ng force. In their study R/h is not necessarily small compared to
. However, the exact results (Eqs. (1) and (2)) of Lebedev and
kal’skaya [5], apparently unknown by Takahashi, seem diffi-
ult to repeat when R/h tends towards 0. The experimental work
f Saito et al. [8] confirms this numerical work.

To determine a sphere take-off criterion, the electrostatic
orce Eq. (2) must be equal to the sum of resisting forces exerted
t take-off. Two situations are examined below: a solid sphere
nd, finally, a droplet which is of interest in this paper.

A solid sphere heavier than the surrounding fluid is deposited

n a horizontal electrode. Above a certain inter-plate voltage,
he electrostatic force will cause the sphere to take-off. The
hreshold voltage for lifting a sphere can be evaluated by writing
hat the electrostatic force Eq. (2) determined by Lebedev and

t
(
a
m

2

ig. 1. Experimental and theoretical take-off field threshold plotted as functions
f the droplet volume. The solid line is the theoretical threshold.

kal’skaya [5] must at least equal the weight of the sphere minus
uoyancy.

We have transposed the situation of solid spheres placed on
n electrode to droplets by using a conducting superhydropho-
ic [9] lower electrode. Hydrophobic carbon nanotubes covered
lectrodes are so hydrophobic that droplets behave as liquid balls
n them. In our experiments, water droplets from two different
aCl solutions (a 0.5 M solution of density 1.015 and a saturate

olution of density 1.184) were introduced in a plate condenser
lled with a dielectric mineral oil of density 0.84 and relative
ermittivity 2.11. In Fig. 1, the minimum electrostatic field to
ift droplets is plotted as a function of droplets volume. The
heoretical prediction shows an excellent agreement with the
xperimental voltage threshold. So the theory, valid for solid
onducting balls, can be extended to conducting droplets.

If the lower electrode is not superhydrophobic [4] the elec-
rical force must overcome not only the weight of the droplet

inus buoyancy but also the capillary force 2πδγ sin(θ), where
is the radius of contact area, θ the contact angle and γ is the

urface tension of the droplet. The driving force, the weight
nd buoyancy expressions are known but the capillary force is a
omplex function of the electrical field and droplet shape. To our
nowledge, the problem has not been solved yet. Furthermore,
he wetting properties which are often difficult to control and to
eproduce, lead to high uncertainty on the threshold. In Section 4
e will use electrodes with varying wetting properties. To avoid

ny uncertainty to take-off droplets we will impose electrical
eld values which exceed the theoretical threshold values with
safety margin of 30%.

. Back and forth displacement between two bare
lectrodes

When a step voltage is applied between the condenser elec-

rodes, such a droplet is subject to the action of upward force Eq.
2) that opposes the capillary force and the weight minus buoy-
ncy. For a constant electric field E of sufficient intensity the
icroliter droplet, leaves the electrode on which it was placed
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the dynamic viscosity) which is given by the limiting form of
the Hadamard-Rybczynski law for μi/μe � 1. This force will be
considered as the main resisting force. The momentum equation
can be non-dimensionalized by introducing τh as the time scale
nd moves towards the condenser’s upper electrode. After con-
act with the bare upper electrode, it immediately moves back
own. The droplet takes a regular forced back and forth move-
ent between the two plates of the condenser [4]. In general,

here is no stable position as long as the global electric force
xceeds the weight.

.1. Physical considerations

After being lifted from the lower electrode, the droplet moves
owards the upper electrode and bounces against it; this contact
rings the droplet back to an electrical state identical to that on
he lower electrode before take-off. Indeed the droplet acquires
he opposite sign charge and becomes subjected to the force (2)
valuated by Lebedev and Skal’skaya [5], but downwards this
ime.

After departing from one electrode, the charge acquired by
droplet leaks away from interface for times longer than the

elaxation time. Assuming an ohmic regime for charge transfers,
his relaxation time τ defined in (4) appears in the conservation
quation (3); this is the time required for the charges to relax in
he liquid dielectric and restore electric equilibrium:

∂q

∂t
+ σ

ε
q = 0 (3)

= ε

σ
(4)

For the mineral oil used in our experiments, relative permit-
ivity and conductivity are 2.11 and (396 ± 4) × 10−15 S m−1,
iving τ = 47 s. For times much smaller than τ, free charges
arriers are still located on the liquid/liquid interface and the
ielectric can be considered as perfect. The typical droplet transit
ime between the two electrodes being about 200 ms in our case,
t is possible to disregard the charges leaking process between
wo impacts. As a consequence, during a flight from one elec-
rode to the other, the droplet charge Q is assumed to be the
harge taken at the last impact. Q was shown to be different
11] from the Maxwell charge Q0 when taken during an impact
ecause charges are transferred at a small distance from the elec-
rode. However, the Maxwell charge defined in Eq. (1) gives the
rder of magnitude of Q so below it will be assumed that Q = Q0.

A droplet of radius R, negligible compared to inter-plate dis-
ance h, can therefore be assimilated with a conductive sphere
earing a fixed charge Q0, near a single conductive flat surface
nd subject to electric field E. Thanks to the theorem of images
his problem can be compared with that studied by Davis [10]
f two charged spheres bearing charges Q0 and −Q0 placed in
uniform electric field E (Fig. 2). Davis [10] calculated the

pheres potentials and the forces exerted on them. By imposing
constant charge Q0 for calculations, we checked numerically

hat the force Fz exerted on a sphere increases with the distance,
rom the force calculated by Lebedev and Skal’skaya [5] at z = 0
o the Coulombian force Q0E at infinity. Fig. 3 shows the evo-

ution of the two components of the electric force on a sphere;
he curves have been normalized with Q0E. The figure shows
hat the influence of the electrode for the sphere disappears after
/R = 4.

F
t

3

ig. 2. Electrical forces exerted on a conducting sphere near a conductive plane.

The distance at which the force reaches the plateau defined
y Q0E is the distance at which the electrode stops exerting an
nfluence; the electric force is then reduced to the action of the
niform electric field on the overall charge carried by the droplet
rom its departure from the electrode. This result provides also
n estimate of the error made in neglecting the influence of the
econd electrode of our device, depending on distance h.

Our aim here is to calculate the order of magnitude of the
roplet transit time. A droplet of volume V = 4/3πR3 and density
i is subject to electrostatic and hydrodynamic forces after take-
ff. The main driving force is an electrical one. Since leaking
ffects can be neglected this force is mainly the Coulombian
orce Q0E.

The Coulombian force must be balanced by resisting forces.
first resisting force is the weight of the droplet minus buoy-

ncy: (ρi − ρe)Vg. Another resisting force is inertia ρiV d2z/dt2,
here z is the height of the droplet centre measured from the

ower electrode. The added mass force (due to fluid inertia) far
rom the plates is (1/2)ρeV d2z/dt2, ρe being the oil density. This
orce has the same order of magnitude as inertia since densities
re similar (ρi = 103 kg/m3 and ρe = 0.84 × 103 kg/m3). Finally
he last resisting force is the viscous drag 4πμeR dz/dt (μ being
ig. 3. Conductive sphere subjected to a uniform electric field near a flat elec-
rode. Evolution of the two components of the force is indicated.
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Fig. 4. Experimental study of a 1 �l water droplet displacement between the
10 mm spaced plates of a plate condenser. The Teflon surface insulating the
upper electrode is 1 mm thick. The voltage sequence is as follows: 0, +1600,
−1600, and 0 V. (a) The droplet rests on the lower electrode. (b) The imposed
voltage causes the droplet to move towards the upper electrode. (c) The electric
force maintains the droplet against the dielectric layer. (d) By inverting the sign
of the imposed voltage, the Coulombian force exerted on the global charge of
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orresponding to the droplet transit time (∼200 ms) between the
wo electrodes separated by a distance h. The equilibrium of the

ain resistive and driving forces described above naturally leads
o the estimation of τh:

h = 3h/τυ

(Q0|E|/ρeV ) + (1 − (ρi/ρe))g
(5)

here τυ = R2υe is the viscous time scale, 10 ms in our experi-
ents.
For a 2 kV cm−1 electric field, a 1 �l water droplet should

ravel a distance of 7.8 mm in τh = 441 ms. Another assumption
ould correspond to an equilibrium between the resisting inertia

erm and the driving force. Such hypothesis would have pro-
ided a smaller value of τh, say 50 ms. Both estimations are not
uite satisfactory showing that both resisting forces are present
n our experiments. However our initial choice based on the vis-
ous drag seems better and furthermore is especially justified for
maller droplets which can be of interest for further applications.
heir inertia will be indeed less and less important.

In comparison, Tobazéon [11] in experiments where the vis-
ous time scale τυ was 25 ms reported velocities of 0.2–1 m/s
or steel spheres in insulating oil subjected to an electrical field
f 8–30 kV/cm. Based on an average Reynolds number of 9–90
e concluded that the hydrodynamic regime was an intermediate
egime between viscous and inertial.

. Back and forth displacement control

.1. Experimental set-up

The condenser plates, Fig. 4, are circular, made of aluminum
nd separated by 10 mm height spacers. These electrodes are
olarized by a TreK 677B high voltage generator controlled by
Yokogawa FG120 function generator. Droplets of about 1 �l

re introduced using a capillary of 105 �m outer diameter and
0 �m inner diameter. The condenser is immersed in a tank filled
ith light mineral oil (M-3516 Sigma, density 0.84 and kine-
atic viscosity υe = 36 × 10−2 cm2/s). Observations are made
ith a KAPPA CD11DSP video camera, fitted with a Com-
utar Macro 10× lens, through the glass wall of the tank. Video
cquisition and image extraction operations are performed using
dobe Premiere 6.5 software.
In the following experiments a 1 M NaCl solution (12  cm)

s used to create very conducting droplets. A surfactant (Tween
0, 1% volume) was added to the solution in order to form
roplets of 1 �l with the capillary. An average 200 ms transit
ime was measured from the video acquisition for droplets of
�l subjected to a 2 kV/cm field on a 7.8 mm displacement.

.2. Control

One way of stopping the back and forth movement of the

roplet due to charge transfers on both electrodes is to pre-
ent electric charge transfers on the upper electrode using a
olid dielectric, preferably hydrophobic (Fig. 4). In the exper-
ments presented, the upper electrode is insulated by a 1 mm

b
m
a
a

4

he droplet is inverted and the droplet moves back down. (e) A moment before
ontact between the droplet and the lower electrode, zero voltage is imposed to
he condenser. The droplet rests on the lower electrode.

hick Teflon surface. When it reaches the dielectric layer, the
roplet is crushed against it (Fig. 1c) by the electric force that
annot change sign because the charge cannot be transferred to
he upper electrode.

By inverting the electrical field, the electrical force exerted on
he droplet can be reversed. Furthermore, because the dielectric
sed is hydrophobic (wetting forces are small), the droplet can
e moved back down by inverting the sign of the electric field. To
aintain the droplet on the lower electrode, the electric voltage

mposed to the condenser must be less than the take-off voltage
hreshold.

As the droplets can be retained by capillary forces in one posi-
ion, it appears useful to use hydrophobic surfaces. However,
he wetting properties of the lower electrode are less essen-
ial than that of the insulated upper electrode. Indeed, at the
op, the electric constraint forces wetting; at the bottom, the
ffect of the weight, compensated by buoyancy, is compara-
ively weak and electrode wetting can take longer. In order to
e within the theoretical models hypothesis, the electrodes must

e perfectly conductive with direct contact with the droplet and
inimum wetting surface area. These constraints (conductive

nd hydrophobic) are often antagonistic and depending on the
pplications, either one or the other may be favored. In our exper-
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ments, the metal surface of the lower electrode was left bare.
owever, in a demonstrator, since the resting time of a droplet

s imposed by the application and may be long, all surfaces will
e hydrophobic.

. Development of a fluidic demonstrator

For lab-on-chip applications, several physical principles have
een suggested to handle droplets on an X–Y plane: dielec-
rophoresis (DEP) [12–14], thermocapillarity [15], acoustic
aves [16] and electrowetting. To our knowledge, none of these

pplications uses Z displacements. To a certain extent, one may
bserve that dielectrophoresis-based fluid processors are con-
erned about this vertical dimension. Droplets which are manip-
lated through the DEP force do not require surface contact and
etting is even avoided for contamination issues. But droplets

re just suspended by the electrical force at some constant level
bove insulated electrodes. Note that Velev et al. [14] used buoy-
ncy forces instead of the vertical component of the DEP force
o keep droplets floating above the electrodes array.

Developments have demonstrated that amongst the different
rinciples, electrowetting on dielectric (EWOD), which modi-
es the ‘apparent’ wettability by electric actuation [17], enables
wide range of basic fluidic operations required to analyze

iological [18] or chemical samples. Creating, transporting, cut-
ing and merging liquid droplets [19,20] containing samples and
eagents can be performed on the same chip by programming
n electrode array rather than adding up physical structures for
ccomplishing these fluidic functions. EWOD based devices are
ery promising because the chip manufacturing process is much
impler, and there is no need for moving micromechanical parts
r external pumping systems.

EWOD devices are divided into two categories [1]: closed
ystems in which droplets are confined between two parallel

lates and open systems in which droplets lie on the chip surface
Fig. 5).

The fundamental work presented above has led to the design
f a new hybrid EWOD/vertical displacement-based device

ig. 5. The different classes of EWOD based systems: closed systems and open
ystems.
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Fig. 6. Schematic description of the device: top and side view.

hose schematic is shown in Fig. 6. The electrowetting sys-
em consists, firstly, of a standard closed electrowetting system
n which droplets may be dispensed from an on-chip reservoir
nd, secondly, of an open electrowetting system where the top
late is kept at a distant position from the lower plate. Our work
onsists precisely to transfer droplets between these two plates
n a controlled way. Furthermore, the open system lower plate
onsists of an EWOD based chip on which the fluidic opera-
ions on droplets are performed and a functionalized top plate
n which biological or chemical analyses are proceeded.

EWOD technology is usually based on collective and well
nown micro-technology processes involving successive depo-
ition, photolithography and etching steps. A 3000 Å thick layer
f gold is deposited on an insulating substrate such as glass or
ilicon oxide. The gold electrodes are etched and covered with
dielectric layer of silicon nitride 3000 Å thick. A gold micro-

atenary (25 �m) [2,21,22] in contact with droplets is added
y wire bonding; it forms the ground electrode for the EWOD
ased operations and the vertical displacement described in the
revious paragraphs. The top glass plate is coated with a contin-
ous 1400 Å thick layer of optically transparent indium tin oxide
ITO) to form the upper electrode, insulated by a 3000 Å thick
ielectric layer of silicon nitride and patterned by a 100 �m thick
ry film (Ordyl). Surfaces are made hydrophobic by deposit-
ng a thin layer of Teflon-like substance of a few hundred
anometers.

The silicon chip is directly plugged into a standard card socket
rom SAMTEC with no bonding operation.

In the experiments reported in this paper, electrodes are
.6 mm large (L1) in the closed EWOD zone and 0.8 mm large
L2) in the open EWOD zone. The intermediate plate made of
mm polycarbonate was separated from the chip by 355 �m

pacers and the upper plate was separated from the chip by
2 mm multilayer polycarbonate frame. Cylinders of Ordyl
00 �m wide, 100 �m high and located 100 �m apart from each
ther were made on the top glass plate in order to prevent pas-
ively the droplets from sliding. On-chip reservoirs were filled
ith deionized water or TBE with fluorescein (from Molecular
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ig. 7. Droplets are dispensed from an on-chip reservoir onto 1600 �m wide
lectrodes.

robes) 100 �M. Light mineral oil from Brookfield (fluid 10:
iscosity 9.5 cP and density 0.98 at 20 ◦C) was used as the filler
ielectric medium in all experiments to prevent evaporation and
educe the weight of the droplets to be lifted.

.1. Droplet dispensing

On-chip dispensing was accomplished by first extending a
iquid column (Fig. 7a) from an on-chip reservoir by activating
series of electrodes [19,20]. The electrode in the reservoir was
ctivated to retract the liquid and pinch-off a droplet over a deac-

ivated electrode (Fig. 7b). 0.25 �l and 0.92 �l water droplets
ere successfully dispensed from an on-chip reservoir (Fig. 7c)
n 1600 �m wide electrodes with spacers of 100 and 360 �m
eight, respectively (Fig. 7).

b
H
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6

ig. 8. From the closed EWOD configuration (a) to the open one (c). A droplet
f fluorescein was dispensed in the closed chip and moved to the open one;
pacers are 360 �m high.

Dispensed droplets are moved from the closed EWOD system
o the open one (Fig. 8) and eventually back. Both 100 and
60 �m spacers were tested but only the highest spacers enable
back and forth movement from the closed to the opened EWOD
ystem for deionized water droplets.

.2. Droplet take-off

Two scenarios are possible when a voltage higher than the
ake-off threshold is applied between the upper electrode and the
old micro-catenary from which the droplet acquires its electri-
al charge [21,22]. The droplet behavior depends on whether or
ot the departure is in competition with electrowetting. In the
ase of a competition with electrowetting the droplet remains
tuck to the lower EWOD based chip. In the other case, the
roplet takes-off as described in Section 3. Therefore, among
everal droplets, the droplets to be lifted can be selected in the
pen system thereby enabling the upper plate to be used as a
torage memory [18] (Fig. 9).

Once on the upper plate, the droplet is flattened by the elec-
rical force (see Section 4.2). The microstructures designed
o prevent the droplet from sliding sideways enable a perfect
ontrol of the droplet cover location. Afterwards, droplets can
e removed from the upper plate by gravity when the voltage

etween the micro-catenary and upper electrode is set to zero.
owever, usually it is necessary to reverse the take-off voltage

n order to overcome the partial wetting of the droplet to the
over.



Fig. 9. Demonstration of the vertical displacement in the device. A deionized
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ater droplet moves up from the chip array (left) to the top glass plate (right).
he cylinders made in the dry film of Ordyl to prevent the droplet from sliding
n the top glass plate are visible on the pictures.

The device described here could realize droplet dispensing,
WOD displacement on a first plane surface and reversible trans-

er to a second plane surface.

.3. Discussion

In the present device, a voltage of about 600 V was used to
ift droplets. It gives an electrical field value of about 3 kV/cm
hich is 2.5 times higher than the threshold value suggested by

he result plotted in Fig. 1. Even if the voltage of 600 V is not a
hreshold, it should be recognized that the take-off voltage in the
resent device is superior to the results plotted in Fig. 1. On one
and, the wetting property of the chip surface (Teflon-like layer)
s not as much hydrophobic as the experimental set-up electrode
carbon nanotubes). Furthermore, the wetting was forced by the
WOD based displacement and so the de-wetting process is at
ork before take-off. Here, the electrical force must overcome
ot only the weight of the droplet but also the capillary force.
his last force is very difficult to predict and further work is nec-
ssary to take it into account. On the other hand, in our device,
he lower electrode of the experimental set-up is replaced by a

icro-catenary and a row of insulated electrodes. However the
ake-off mechanism remains the same and the physical consid-
rations of Section 2 gives a good order of magnitude for the
ake-off voltage.

. Conclusion

A uniform electric field exerts a lifting force on a conductive
roplet immersed in a dielectric fluid and in contact with an
lectrode. If this electrode is the lower plate of a condenser,
uch a droplet bounces continuously and regularly between the
wo plates in an uncontrolled way. Back and forth motion can be
ontrolled by coating the upper electrode with a dielectric layer
nd by adjusting the electric field direction.
The displacements studied experimentally and theoreti-
ally were integrated in a microfluidic device coupled to an
lectrowetting-based chip. The resulting device, demonstrating
he handling of droplets in the 3D space, introduces a new gen-
ration of electrowetting-based microfluidic system.

[
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rodes; Gaël Castellan, Olivier Constantin, Régis Blanc and
ominique Lauro for manufacturing the micro-components

nd finally, Nelly Bonifaci (CNRS Electrostatic and Dielec-
ric Environments Laboratory) for the permittivity and con-
uctivity measurements made on the mineral oil used in our
xperiments. This research is supported by the French Research
inistry on the Recherche Technologique de Base program

RTB).

eferences

[1] Y. Fouillet, J.-L. Achard, Microfluidique discrète et biotechnologie,
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