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We investigate the spreading at variable rate of a water drop on a smooth hydrophobic substrate in an
ambient oil bath driven by electrowetting. We find that a thin film of oil is entrapped under the drop. Its
thickness is described by an extension of the Landau-Levich law of dip coating that includes the elec-
trostatic pressure contribution. Once trapped, the thin film becomes unstable under the competing effects
of the electrostatic pressure and surface tension and dewets into microscopic droplets, in agreement with a
linear stability analysis. Our results recommend electrowetting as an efficient experimental approach to
the fundamental problem of dynamic wetting in the presence of a tunable substrate-liquid interaction.
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Electrowetting (EW) is a classic example of interaction
between fluids and electric fields: by applying a voltage
between a drop of conductive liquid and an insulator-
covered hydrophobic electrode, the contact angle � of the
drop can be reduced by several tens of degrees compared to
Young’s angle [1]. The efficiency, reproducibility and ease
of use make electrowetting preferable over other manipu-
lating methods for small liquid drops, such as Marangoni
or thermocapillary stresses [2] or switchable self-
assembled monolayers. Hence electrowetting is increas-
ingly becoming the actuation method for open digital
microfluidic devices ([1] and references therein). Apart
from technological applications, EW has also proven to
be a very useful tool for studying fundamental problems in
wetting and thin film hydrodynamics, where the contact
angle is often a crucial parameter that is difficult if not
impossible to vary experimentally without changing other
important aspects of the system. Examples include wetting
of complex surfaces [3,4], capillary pinch-off and micro-
droplet generation [5–7], and deposition [8]. Frequently,
electrowetting experiments are performed in an ambient oil
bath in order to minimize both the evaporation of liquid
and contact angle hysteresis. It has been indicated by
several authors [9–13] that thin layers of the ambient oil
might form between the drop and substrate in such a two-
phase configuration. Quilliet and Berge [9] found theoreti-
cally that the balance between electrical forces and the
disjoining pressure should give rise to an equilibrium
thickness of the films of approximately 10–20 nm for
typical values of the applied voltage. However, despite
the importance of these layers—for instance for the reduc-
tion of contact angle hysteresis, but also for the protection
of the surfaces from adsorption of biomolecules [10,14]—
their properties and formation mechanism remained elu-
sive in previous experimental studies [11].

In the present Letter we study the dynamics of moving
contact lines in EW systems with a two-phase configura-
tion, as just described. We show that a layer of oil is indeed
entrapped under the drop with an initial thickness that is
determined by the hydrodynamics of the moving contact

line rather than by equilibrium properties. To describe the
entrapment process we extend the Landau-Levich [15]
treatment of dynamic wetting by an additional electrostatic
pressure contribution, a topic that attracted considerable
attention in the recent wetting literature [16–18]. Follow-
ing the entrapment, the oil film turns out to be unstable and
breaks up into a number of smaller oil droplets. The size
distribution of these droplets is described by a linear
stability analysis of the thin film in the lubrication approxi-
mation, taking into account the balance between surface
tension and electrostatic pressure. The problem thus com-
bines two aspects: the entrapment process itself and the
subsequent time evolution of the entrapped film.

The experimental setup is an adaptation of the classic
EW configuration [1]: a microliter water drop (with added
NaCl for enhanced electrical conductivity) sits on a coated
glass substrate, as sketched in Fig. 1. The coating consists
of two layers: electrically conducting ITO (indium tin
oxide) and a hydrophobic Teflon AF (DuPont) coating
with a thickness of d � 0:8 �m, which serves as dielec-
tric. A gold electrode connects the water drop to a power
supply of dc or 10 kHz ac voltage and the circuit is closed
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FIG. 1. Sketch of the electrowetting setup. The dimensions of
the water droplet are exaggerated.
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through the ITO substrate. The entire system is immersed
in silicone oil (Fluka AS100 with viscosity � �
100 mPa s) and observed through the 10� magnification
objective of an interference microscope. The drop size is
chosen such that the radius R0 � 1 mm� lc ��������������������
�=�g���

p
, where lc is the capillary length and �� the

oil-water density difference (g: gravitational acceleration).
When a fixed voltage U is applied, the drop achieves
equilibrium with an apparent contact angle that obeys the
EW equation [1]:

 cos� � cos�Y 	
"0"d
2d�

U2 � cos�Y 	 �; (1)

where "d is the dielectric constant of Teflon AF (catalog
value "d � 2), � � 34 mJ=m2 the oil-water interfacial
tension and � the electrowetting number. The Teflon coat-
ing provides a Young angle �Y close to 180
. The maxi-
mum voltage Umax � 25 V in the present experiments was
chosen sufficiently small to avoid contact angle saturation
effects [1] or damage of the dielectric layer, which occurs
only at a field strength of�200 V=�m in our system. The
minimum contact angle is ��Umax� � 145
.

The experiments are performed as follows: initially, at
time t � 0, a spherical drop is positioned at zero voltage at
a distance of a few micrometers below the substrate. Sub-
sequently, we increase the voltage linearly in time with
ramp speeds dU=dt ranging from 0.25 to 25 V=s. Upon
doing so, the drop approaches the surface and spreads with
continuously decreasing � following Eq. (1). The combi-
nation of volume conservation, Eq. (1), and the linear
voltage ramp gives rise to an (essentially) linear increase
of the radius r�t� � t�U [19] of the substrate-drop inter-
face. As the drop spreads interference fringes appear (see
Fig. 2) indicating that a film of the ambient oil with a
thickness of the order of the wavelength of visible light is
entrapped under the drop. Only close to the advancing
three phase contact line (TCL) the film surface is smooth
(Fig. 2: t � 0:1 and t � 0:2 sec ). As the drop spreads
further the oil film displays thickness modulations and
eventually breaks up into small droplets. The time it takes
for the instability to grow into droplets ranges from a few
tenths of a second to minutes, increasing with decreasing
ramp speed and increasing radial position. In the final state
(when the voltage is kept at Umax � 25 V), the film breaks
up into an azimuthally symmetric pattern of microscopic
droplets (Fig. 2). Their sizes decrease approximately in-
versely proportional to the distance r from the center (4).
We repeated the experiments at fixed ramp speed and
verified that the film breakup leads to different random
droplet arrangements of similar radial distribution, thus
excluding the possibility of surface defects as driving force
for the breakup. Similar patterns are obtained for all volt-
age ramp speeds. It is important to note that even for the
slowest ramps the droplets remain visible with lateral
diameters on the order of 10 �m. From the observations
described so far, we conclude that we can split the dynam-
ics of the system into two separate parts, namely, the

hydrodynamic entrapment of the oil film and its subse-
quent instability.

Let us first analyze the stability of an already entrapped
oil film with a constant thickness e. The free energy FU�e�
of such a film depends on the interfacial energies � of the
oil-water and �os of the oil-substrate interface and on the
electrostatic energy in the system. If we include the
van der Waals interaction with a Hamaker constant A for
the sake of completeness, we have [9,20]

 FU�e� � �os 	 �	
A

12�e2 �
"0"dU2

2d�1	 e"d
d"oil
�
; (2)

where the last term is simply the electrostatic energy of a
parallel plate capacitor filled with two layers of different
dielectrics parallel to the substrate. While the
van der Waals term may either stabilize or destabilize a
thin film, depending on the sign of A [9], the electrostatic
term is always destabilizing.

To understand the mechanism of droplet formation and
ultimately the size distribution of the droplets, we employ
standard linear stability analysis in lubrication approxima-
tion [21] in one dimension denoted by x for the free energy
given in Eq. (2). As usual, the analysis is valid for small
variations u�x� � e of the film thickness with jruj � 1.
We solve the thin film equations for the time evolution of
modulations of the general form u�x; t� � e	 u0eiqxet=�

[21] and determine the fastest growing mode by finding the
minimum of �. In Fig. 3 we plot the wavelength of this
mode
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versus e for several values of U and for a negative A �
�1:83� 10�21 J, as derived from the refractive indices of
the materials in our system using textbook equations [22].

FIG. 2. Microscope images taken at the substrate-droplet inter-
face during the application of a fast voltage ramp dU=dt �
25 V=s. The thin oil film trapped under the water drop desta-
bilizes progressively and breaks up into microscopic droplets.
The tiny dark condensation spots are situated on the opposite
side of the glass substrate.
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From Eq. (3), it is obvious that 	m depends on both U
and e. For very thin films, e< � 20 nm, the characteristic
	m � e

2 behavior due to van der Waals interaction be-
comes apparent. At larger film thickness (i.e., in the range
of interest here—as we concluded from the appearance of
interference fringes in Fig. 2), however, the electrostatic
term dominates. While the latter gives rise to a 	m � e3=2

behavior at very large e, the finite thickness d of the
insulating layer gives rise to a plateau for e between a
few tens of nanometers and almost 1 �m.

Let us now compare the experimental droplet diame-
ter distribution with 	m from Eq. (3), which we assume
to be the same up to a constant of order unity. Given the
weak dependence of 	m on e within the range of interest,
we assume for the moment a constant thickness of the
entrapped film of, say, e � 400 nm. Under these condi-
tions the radial dependence of the droplet size simply
reflects the fact that larger radii are reached later in time
while we are ramping up the voltage, i.e., at a higher
voltage. Since U� r (see above), we expect indeed 	m �
r�1 from Eq. (3), in reasonable agreement with the experi-
mental data (see Fig. 4). The agreement confirms our
implicit assumption that the selection of the fastest grow-
ing mode at r occurs essentially immediately after the TCL
passed that position.

To confirm the model further, we compared the droplet
sizes obtained at a fixed radial position (i.e., at fixed
voltage) for various ramp speeds. As we will confirm
below, we expect intuitively the film thickness to be thinner
for slower ramps because slower speeds allow more time
for squeezing out the entrapped oil. In Table I we compare
the droplet diameters, extracted at r � 125 �m, at differ-
ent dU=dt. While the speed of the TCL varies by a factor of
102, the average diameter of the droplets changes only by a
factor of � 2. This corroborates that the experimentally
observed values of 	m correspond to the ‘‘plateau’’ region
of Fig. 3.

We now turn to the dynamics of oil film entrapment. A
direct measurement of film thickness prior to breakup is
possible by analyzing the interference patterns which are
(briefly) visible close to the TCL before the onset of the
instability (inset of Fig. 5). To obtain a quantitative value
for the film thickness, we calculated the reflectance of a
Teflon-oil-water layered structure for normal incident
light as a function of the oil film thickness e [23]. We
found that the extracted intensity profiles could be fitted
by an algebraic test function e�r� � a=rb, with b � 1:35�
0:1. To check the consistency of the linear stability analy-
sis, we inserted the fitted thickness profiles e�r� into Eq. (3)
and calculated 	m�r�. The results are shown in Fig. 4 (4
symbols) and in Table I. To a fair degree of accuracy, we
find that the ratio between 	m and the droplet diameter is
between 2 and 3.

A particularly interesting aspect, however, is the power
law behavior of e�r�. The motion of the TCL is similar to
the film entrainment problem in dip coating. In the classi-
cal analysis of Landau and Levich [15], the thickness of the
entrapped films follows the law e� Ca2=3, valid for small
capillary numbers Ca � � _r=�� 1. This law is derived by
balancing the viscous dissipation � _r=e2 and capillary
pressure near the TCL (see close-up of this region in
Fig. 1). As the TCL moves with uniform velocity _r�
dU=dt in our experiments, the capillary number is fixed
for each voltage ramp and one expects the entrapped film
to be flat. Regions A (where the entrapped film of thickness
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FIG. 4 (color online). (�) Measured radial dependence of oil
droplet diameters for dU=dt � 25 V=s and (�) prediction of
linear stability analysis using either measured film thicknesses
e�r� (from Fig. 5) or constant e � 400 nm (4).

100

101

102

103

10-2 10-1 100

5V

10V

25V

e2

e3/2

e (µm)

λ m
 (

µ
m

)

FIG. 3 (color online). Dependence of fastest unstable wave-
lengths 	m (open symbols) on the initial thickness of the oil film
e for several voltages U. Solid lines: electrostatic contribution
only: A � 0.

TABLE I. Average droplet size against the ramp speed dU=dt.
The values are measured at fixed location r � 125 �m. The last
row shows the calculated unstable wavelengths 	m [Eq. (3)] for
film thicknesses e estimated from interference patterns Fig. 5
with the use of Eq. (3).

dU=dt (V=s) 0.25 0.5 1 1.67 2.5 5 12.5 25

Droplet size (�m) 16 16 17 18 20 23.4 26.6 33.5
	m (�m) - 50.3 - 52.7 - 56.1 - 73.7
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e is flat) and C (moving meniscus with constant curvature
2=R) are separated by a dynamic meniscus (region B) of
length l where most of the viscous dissipation takes place.
The pressure gradient driving the flow is then approxi-
mately �p=l � �pIIR � p

I
R�=l � �

2�
R � 0�=l. The length l

is obtained by asymptotically matching the curvatures of
the ‘‘static’’ and dynamic menisci in the small-slope ap-
proximation, leading to l �

������
Re
p

. Inserting this into the
force balance results in the Landau-Levich law mentioned
above. In the presence of EW, however, the interface
potential [Eq. (2)] gives rise to an additional pressure pel �
dFU
de which is finite at position I but negligible at II [24]. To a

good approximation the pressure gradient then becomes

�p=l � �pIel 	 p
II
R �=l � �

"0"2
d

2d2"oil
U2 	 �

R�=l �
�
ld �

"d
"oil

. As a

result we obtain a modified Landau-Levich law

 e�r� � �d
����
R
p
�2=3

�
Ca

�

�
2=3
�

Ca2=3

U4=3
�

Ca2=3

r4=3
: (4)

Therefore, the influence of the electrowetting number �
manifests itself in the radial dependence of the film thick-
ness e�r� � r�4=3, which is in good agreement with the
measured exponents b. In Fig. 5 we isolated the ‘‘pure’’
capillary number dependence by compensating on the
electrowetting contribution. [This is accomplished by us-
ing single parameter fits e�r� � a=r4=3 for the film thick-
ness.] Clearly, e depends on Ca with an exponent close to
2=3. A full treatment of the problem along the lines of
[16,18] should account for these deviations. Such a treat-
ment will also have to take into account the field-induced
distortions of the equilibrium profile that we reported ear-
lier [25]. By varying the thickness of the dielectric layer,
we expect to be able to tune the relative importance of the
electrostatic contribution in future experiments.
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FIG. 5 (color online). Film thickness (compensated by the
electrowetting contribution r4=3) against the capillary number
(r is given in �m). Inset: interference fringe intensity fitted with
the power law e�r� � a=r4=3.
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