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The onset of motion of a dropwise condensate �on inclined substrate� under applied direct current
potential �with an overhanging electrode� is studied experimentally and described based on
overcoming of the static three-phase contact line �TCL� friction by electrowetting. Electrowetting
phenomenon exerts a radial electrostatic force on the TCL, causing an imbalance in the TCL surface
tension forces, thus initiating the surface droplet motion �by an applied threshold, local electric field
intensity�. The experimental results using overhanging wire electrodes have identified three regimes
�gravity dominated, intermediate, and surface force dominated� and show significant lowering of the
critical inclination angle for the liquid droplet. In the intermediate Bond number regime �both
gravity and surface liquid-gas tension are significant�, the critical �for onset of motion� electrostatic
potential is predicted and good agreement is found with experiments. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2734933�

I. INTRODUCTION

Water surface drops with volume of the order of micro-
liter �mL� �placed or condensed� form a well defined three-
phase contact line �TCL� and contact angle. Then the contact
line friction contributes substantially in surface droplet
dynamics.1,2 Since the classical hydrodynamics cannot fully
describe the motion of the TCL, several strategies have been
introduced to resolve the problem.3–5 However, these ap-
proaches have been exclusively for dynamic analysis by es-
timating the friction force as a product of the friction coeffi-
cient and the velocity of the contact line. Little is known
about the static contact line friction just prior to initiation of
TCL motion. Nevertheless, since liquid droplets, unlike solid
objects, undergo significant topological changes in response
to external forces, it is possible to estimate the force neces-
sary to initiate motion of the TCL by examining the topo-
logical observables �local radius meniscus curvature, local
contact angle, etc.� at the critical inclination angle.

One of the observables used for estimating the force act-
ing on a liquid droplet is the contact-angle hysteresis �differ-
ence between the advancing and receding contact angles�.
This is a complex topological feature since it represents con-
tact line friction and surface forces in response to an external
force acting on the droplet volume. Thus, the contact angle
hysteresis is extensively used to analyze the force acting on
droplets for both surface-force dominated �microscale liquid
droplet management�6 and the gravity-dominated �heat ex-
changer condensation management�7,8 systems. So, two dis-
tinct approaches have been used to describe the dominated
forces, i.e., the surface-electrostatic and surface-gravity.
However, the cases of three or more forces, which include
liquid volumes of the order of tens of �L, have not been
examined.

Dropwise condensation occurs when moist air flows in
refrigeration or air-conditioning heat exchangers and can

block the air passage and degrade the performance, thus re-
quiring periodic water surface droplet or frost purging.9–11

Surface modifications have been devised to reduce the criti-
cal angle at which a given volume surface droplet begins to
slide under gravity. These include the recent study achieving
a 50% reduction in the volume needed for the onset of drop-
let sliding, using a microgrooved �directional� aluminum sur-
face. However, these passive surface modification techniques
are not suitable for versatile operating conditions and active
control of the condensate. Here we examine �theoretically
and experimentally�, for the first time, purging of surface
droplets by electrowetting, a phenomenon based on the in-
teraction of the electrostatic, gravity, and surface forces. Ex-
perimental data for the critical angle �for onset of droplet
motion� are presented along with a theoretical description
using a one-dimensional force balance at the TCL based on
macroscopic droplet topological observables. We aim to
close the existing gap between the two distinct field of re-
search involving microscale liquid droplet management and
heat exchanger condensate management.

II. THEORETICAL BACKGROUND

Liquids form a spherical cap with a well-defined equi-
librium contact angle �c,o or spread across the surface as a
thin film when condensed or injected onto a solid surface.
The precise equilibrium that determines the topology of
droplet is the balance between the liquid-gas �lg, solid-liquid
�sl, and gas-solid �gs interfacial tensions. This balance of
forces is represented by the free energy at the contact line

Fif = � Ai�i − �V , �1�

where � is the Lagrangian multiplier for the constant volume
constraint, A is area, and � is equal to the capillary pressure
�p across the liquid-gas interface. Minimization of the free
energy leads the following two conditions which govern the
topology �meniscus� of the droplet.12,13 The first is the me-
niscus Laplace equation which states that �p is constant over
the entire interface
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�p = �lg� 1

r1
+

1

r2
� , �2�

where r1 and r2 are the two principal radii of curvature of the
meniscus. The Laplace equation shows that for homogeneous
substrates, liquid droplets adopt a spherical cap shape in me-
chanical equilibrium. The other is the contact line Young
equation

cos �c, o =
�sg − �sl

�lg
. �3�

This relates the interfacial tension to the apparent contact
angle �c, o. Figure 1�a� shows the contact angle and the sur-
face tension in equilibrium for the liquid droplet on a hori-
zontal surface. For the relevant scale, often, it is possible to
adopt a one-dimensional model of the contact line, where the
three interfacial tensions are pulling on the TCL.

For a liquid on an inclined surface, the ratio of the sur-
face forces to gravity is represented by the Bond number
�Bo=�gD2 sin � /�lg�. We consider moderate Bond numbers
�Bo=0.8−2.5�, so the droplet motion is influenced by gravity
�but not dominated�. For a plate inclination angle �, the mass
center of the droplet shifts toward the advancing side, giving
rise to the local capillary pressure �p at the liquid-gas inter-
face. The opposite phenomenon exits on the receding side.
The TCL of the advancing side is pinned due to the contact
line friction and is not allowed to advance until a critical
inclination angle is reached. Then at the advancing side, ac-
cording to Eq. �2�, reduction in the radius of curvature occurs
and the contact angle to increase. At the receding side, re-
duction of the local capillary �p requires a larger radius of
curvature and this results in a smaller contact angle. This
difference between the advancing and receding contact
angles is referred to as the contact angle hysteresis and is
shown in Fig. 1�b�. As seen in the figure, the force balance at
the TCL is modified due to the presence of contact line fric-

tion. From the point of the surface tension equilibrium at the
TCL, the contact angle hysteresis can be modeled as the
addition of friction, fs �per unit length�, to the �ls at the
advancing side and subtraction of friction, fs, at the receding
side. The radial component of fs varies along the azimuthal
angle �, thus, the contact angle varies from �c, a, max to �c,o

then to �c,r,min.
The contact angle hysteresis and the retention force �the

sum of fs over the entire contact line� can be related using
the following equation for circular droplets:14,15

Fs = k�lgR�cos �c,r − cos �c,a� , �4�

where k is a constant, R is the length scale representing the
size of the meniscus, and �c,r and �c,a are the receding and
advancing contact angles. k depends on the topology of the
droplet and is found empirically using the measured receding
and advancing contact angles at the critical inclination angle.
Knowing k and using the droplet force balance, the critical
inclination angle can be found. However, measuring the ad-
vancing and receding contact angles at the critical condition
is challenging.16,17 These references perform a comprehen-
sive empirical analysis of droplets on aluminum substrates,
with commercially available coatings. They propose an em-
pirical relation between the Bond number and the ratio of the
receding and advancing contact angles, i.e.,

�c,a

�c,r
= 0.01 Bo2 − 0.155 Bo + 0.97. �5�

This relationship is used to estimate the retention force
over the entire range of Bond numbers.

Electrowetting has become an active field of research for
various applications in microfluidics, where surface forces
dominate. Figure 2 renders the contact angles affected by
electrowetting. Extensive research has been done with spatial
dimensions where gravity effects are negligible �Bond num-
ber tending to zero�.18–20 However, for moderate Bond num-
bers, the electrowetting literature is not as rich.

To relate the applied voltage to the change in the effec-
tive surface tension, the thermodynamic-electrochemical, en-
ergy minimization, and electromechanical approach have
been used.7,21–23 All of these approaches converge to a single
well-accepted electrowetting relation which is presented
later. Here the electromechanical approach first introduced in
Ref. 22 is used and starts from the Korteweg–Helmholtz
body force density24

FIG. 1. �a� Balance of forces at the TCL for �=0° and �b� for �	0°.

FIG. 2. Rendering of electrowetting of the surface droplet on a dielectric
coated substrate.
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��
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where � f and 
 are the mass density and the dielectric con-
stant of the liquid. The last term in Eq. �6� describes the
electrostriction and can be neglected. If we assume that the
liquid is perfectly conductive, integrating Eq. �6� over the
entire volume is equivalent to integrating the Maxwell stress
tensor over the liquid-gas interface

Fe =� T · n ds , �7�

where T is the Maxwell stress tensor, which is written as

Tik = 
o
�− 1
2�ik	E	2 + EiEk� , �8�

where �ik is the Kronecker delta. The tangential component
of the electric field at the surface vanishes and the normal
component is related to the local surface charge density
through �s=
oE ·n. Now noting that every term except the
component directed along the outward surface normal van-
ishes, Eq. �7� becomes

Fe =� 1

2
�sE ds . �9�

The field and charge distribution are found by solving
the electrical Laplace equation for the electrostatic potential
with the appropriate boundary conditions. It was found that
both the field and charge distributions diverge upon ap-
proaching the contact line.25 Therefore, the Maxwell stress in
maximum at the contact line and exponentially decays with
distance from the contact line. After integration, the horizon-
tal component of the Maxwell stress is

fe =

o


2d
��2. �10�

Since this force acts only on the contact line and is per-
pendicular to the TCL, it is used in the force balance and the
Young equation, i.e.,

�sl,e
eff = �sl −


0


2d
��2, �11�

cos �c,e = cos �c,o +

0


2�lgd
��2, �12�

where �c,e is the electrowetted contact angle, �c,o is the neu-
tral contact angle, 
 is the dielectric constant of the dielectric
layer underneath the water droplet, d is the thickness of the
dielectric layer, and �� is the applied potential between the
liquid and the electrode underneath the dielectric layer. Ide-
ally, as the potential is increased, the electrowetted contact
angle approaches zero. However, it is found that the contact
angle saturates at a value �c,sat varying between 30° and 80°,
depending on the system.26,27 This contact angle saturation
can be explained as an electron-discharge mechanism,20 to-
gether with the vertical component of the electrostatic force
acting on the contact line.28

III. EXPERIMENT

Experiments were conducted to investigate the elec-
trowetting induced purge for liquid droplet on an inclined
substrate. A 30 mm30 mm cold rolled aluminum alloy
1100 was coated with a dielectric layer �polymer-based elec-
tric insulation coating 
=2.4 and �c,o=70°� with 200 �m in
thickness. A second polymer-based P4 �
=3.0 and �c,o

=110°� hydrophobic coating �Circle Prosco, Bloomington,
IN� with 300 �m in thickness was coated on top of the first
layer. Using a �L syringe, de-ionized water droplet was
placed on the hydrophobic substrate. Then the substrate was
tilted to find the baseline �no applied electric potential�
where the water droplets begin to slide due to gravity. Sub-
sequently, the electric potentials of 1200, 1000, 700, and 500
V were applied from the overhanging electrode. The wire
electrode �0.5 mm in diameter� was brought as close to the
water droplet, without touching it. Then the angle at which
the water droplet starts to slide was recorded. The experi-
ment was photographed using a DSLR camera with a 1:1
macrolens. In addition, experiments with a fixed overhanging
plate electrode were conducted in order to explore the pos-
sibility of implementation in a heat exchanger. A P4 hdydro-
phobic coated copper panel �100 �m in thickness� was used.

IV. RESULTS AND DISCUSSION

Figure 3 shows the variation of the critical inclination
angle with respect to the liquid droplet volume, for different
applied potentials. The base line with no applied voltage is
shown by the dashed line which was found to follow a line
with Bo=2.5. The figure shows that electrowetting signifi-
cantly reduces the critical angle of inclination of liquid water
droplet. At an applied potential larger than 1000 V �Bo
=0.8 is represented by the solid line�, no significant change

FIG. 3. Variation of the critical inclination angle with respect to the droplet
volume for applied potential ��=500, 700, 1000, and 1200 V. The curve
was fitted using the force balance between gravity and the retention force
�=sin−1
�1.845�lg�cos �c,r−cos �c,a�� /�gV�.
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in the critical inclination angle is found, indicating satura-
tion. The results shows that there exist three distinct regimes,
namely, above Bo=2.5 and below Bo=0.8 where gravity and
surface forces dominate, respectively, and an intermediate
�moderate� Bo regime where the critical inclination angle
varies with the applied potential. In the moderate Bo regime,
the gravity, electrostatic, and surface forces are at all of the
same order of magnitudes and are in balance and the critical
inclination angle depends on the applied potential.

The critical inclination angle at an applied potential was
found to follow the constant Bo line which suggests that the
electrostatic force reduces the contribution of the surface
forces. At the critical inclination angle �under electrowet-
ting�, a significant contact line slip of the advancing side was
observed, as shown in Fig. 4. When the advancing contact
line begins to slip, no slip was observed on the receding
contact line until the advancing side had well advanced. At
high potentials, above 2000 V, the advancing side of the
liquid droplet detaches from the receding side due to insta-
bility. The images from the side and top of the advancing
droplet are shown in Figs. 5�a� and 5�b�.

In order to analyze the earlier experimental observations,
a simple force balance is used at the TCL. At the TCL, a
force of fe= �
o
 /2d���2 per unit length is applied in the
radial direction as predicted by Eq. �10�. As a result, the x
component of the electrowetting force will vary as the cosine
of the azimuthal angle �. In contrast, the contact line friction
is constant along the TCL in the x direction. Note that the
integral of the contact line friction at the critical inclination
angle is equal to the retention force, which is given by Eq.
�4�. The value of k for the presented experiment was found to
be 1.845. Then according to the classical droplet mechanics
and by using the retention force data, the sum of the forces at
the critical inclination angle can be written as

Fx = �
−�/2

�/2

2Rfe cos �d� −
1

2
Fsx

= �
−�/2

�/2

R

o


d
��2 cos �d� − 0.923�lgR�cos �c,r

− cos �c,a� . �13�

We have assumed that the applied forces are concen-
trated at the TCL, as graphically represented in Fig. 6. It can
be seen graphically that the contact line of the advancing
side will start to slip when the electrowetting overcomes the
local static contact line friction value at the location of
�c, a, max along the TCL. As fe becomes larger with increase
in potential, the portion of the contact line which begin to

FIG. 4. Images of the advancing contact line before and right after the onset
of motion �V=10 �l, ��=700 V, �=60°�.

FIG. 5. �a� Side image of surface droplet advancement �V=4 �l, ��
=1000 V, �=50°� and �b� top image of the same.
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slip increases. Also, as the contact line begins to slip, it
causes an instantaneous reduction in the advancing contact
angle. When the advancing contact angle is reduced, accord-
ing to Eq. �12�, the retention force is reduced which results in
lowering of the critical inclination angle �for the given liquid
volume�. The exact relationship between the instantaneous
contact angle reduction and the retention force is expected to
be complex and is not addressed here. When a sufficient
portion of the contact line friction is removed, the bulk liquid
motion is initiated. It was observed that for the tested sub-
strate, the contact line slip is initiated at approximately 300
V. However, the bulk motion of the water droplet was not
observed until the applied voltage of 400 V was reached.

When the droplet is in motion, its periodic wetting and
dewetting was observed as seen in Fig. 5�a�. We suspect that
continuous charging and discharging of the water droplet oc-
curs while the droplet is in motion. The motion can be de-
scribed as a sequence where first, at the onset of motion, the
droplet is charged and experiences electrowetting which
overcomes the static TCL friction. When the sum of the
gravity and electrowetting force is larger than the static fric-
tion over the entire contact line of the droplet, the bulk con-
densate motion is initiated. As the droplet advances, the elec-
trostatic energy is dissipated and dewetting becomes
apparent. When the droplet recovers its original topology, it

experiences a rise in electrostatic energy due to its proximity
to the over-hanging electrode and this sequence is repeated.

We also predict the electrowetting reduction of the criti-
cal inclination angle by performing classical droplet mechan-
ics. As mentioned earlier, the observation indicates that mini-
mum or no advancing of the receding contact line until the
advancing contact line has well advanced, thus, it is reason-
able to assume that the dominate criteria for the initiation of
the droplet motion is the force balance at the advancing con-
tact line. As long as the droplet is not separated, this treat-
ment of the force on the contact line is valid. The retention
force can be estimated using Eq. �4� with the empirical con-
tact angle relation �5�. The electrowetting force can be cal-
culated by integrating the x component acting on the TCL
over the azimuthal angle for the advancing portion of the
droplet. Then by solving for the inclination angle which the
gravity balances, the resultant of the retention force and the
electrowetting force, it is possible to obtain a theoretical pre-
diction of the variation of the critical inclination angle with
the applied potential. This angle is found by solving the fol-
lowing equation:

� = sin−1�−�/2
�/2 R


o


d
��2 cos�d� − 0.923�lg�cos �c,a − cos �c,r�

�gV
� . �14�

The theoretical predictions are presented in Fig. 7. It was
found that when using Eqs. �4� and �10� and plotting the
results, the required potential is 60% of the applied potential
and was consistent for all four theoretical predictions. This
discrepancy between the applied potential and the effective

droplet potential can be traced back to the few assumptions
that were made to perform the analysis. One of them is the
assumption made in the force balance at the TCL using the
elecrowetting equation which treats the electrostatic force as
a surface �one-dimensional� force. Note that withstanding the

FIG. 7. Variation of the critical inclination angle with respect to condensate
volume. Here ��e is the measured electrode potential and ��l is the pre-
dicted droplet potential. The experiment results are averaged �over several
experiments� values.

FIG. 6. Graphical representation of balance between the retention and elec-
trowetting forces, at the advancing TCL.
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findings in Ref. 25, the force due to electrowetting is, in
essence, a body force. Therefore, there exist discrepancies
when the electrowetting force is treated as a surface force in
formulating the force balance at the TCL. This discrepancy is
more apparent at high potentials, such as those used here.
Solving the Maxwell equations numerically �using solver
Maxwell29�, the results of the simulation are given in Figs. 8
and 9. The surface droplet is modeled as a spherical cap with
a potential applied directly to the droplet. The aluminum
substrate is coated with a dielectric layer �
=2.4� of 500 �m.
The results show that at the TCL, the diverging local electric
field is not localized to an infinitesimal volume at the TCL,
but instead extends along the liquid-gas interface. It was
found that the higher the contact angle �Fig. 9�a��, the further
extents this diverging field along the liquid-gas interface.
This results in lower field intensity at the TCL. Although this
analysis is not exact at the molecular,30 nevertheless, it gives
an insight into the discrepancy between the experimental re-
sults and the theoretical prediction.

V. CONCLUSIONS

Experimental investigation of electrowetting induced on-
set of surface droplet motion using overhanging electrode
shows significant decrease in the critical inclination angle.
The range of Bond number is between 2.5 and 0.8 and the
applied potential is up to 1200 V. The electrowetting induces
a droplet contact line slip at the advancing front which can
be interpreted as alleviation of the contact line friction. The-
oretical prediction is made by performing a force balance
between the retention, gravity, and electrostatic forces at the
advancing contact line, using the macroscopic topological
observables. The theoretical analysis can be also be used
when the surface and electrostatic forces �or the gravity and
electrostatic forces� dominate. Identification of the interme-
diate region, where the critical inclination angle is a function
of the applied electric potential, closes the gap between the
surface-force dominated and gravity dominated regimes �un-
der electrostatic force�, thus allowing for manipulation of the
condensate movement. This analysis may guide future inves-
tigations of the systems with combined surface, gravity, and
electrostatic forces.
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