
600 Electrowetting

and hence a reduced flow rate in the pressure-drop direc-
tion. This reduced flow rate seems to suggest that the liquid
have an apparent higher viscosity. The apparent viscosity
is called the electro-viscosity.
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Synonyms

Electrocapillary effect; Electrowetting on dielectric
(EWOD); Electrowetting on insulator coated electrodes
(EICE); Electrowetting on line electrodes (ELE)

Definition

Electrowetting concerns the use of an externally applied
electric field to actuate or manipulate small volumes of liq-
uid by altering its interfacial tension and hence the macro-
scopic contact angle or by inducing bulk liquid motion
through an interfacial electric stress.

Chemical and Physical Principles

Electrowetting derives its roots from early observations
of electrocapillary phenomena by Gabriel Lippmann in
1875, who noted variations in interfacial tension as an
electric potential is applied between an electrolyte solu-
tion in direct contact with a metal, in this case, mercury.
This culminated in the classical Lippmann equation:
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where " is the interfacial tension (between the metal and
electrolyte), V the applied potential, T the temperature, p
the pressure and µ the chemical potential. The right hand
side of Eq. (1) is the surface charge density, where C is
the capacitance with cross sectional area A and separation
d. Since C = #0#lA/d, where #0 is the permittivity of free

space and #l the liquid dielectric constant, Eq. (1) can be
written as

$" = !#0#l

2d
V2 . (2)

The term on the right hand side of Eq. (2) is hence the
electrocapillary force per unit length (linear force density)
in the solid plane along the contact line.
Strictly, the term electrocapillarity therefore refers to the
change in the solid or liquid metal–electrolyte interfacial
tension, as shown in Fig. 1a. For the principle to be prac-
tical, however, it was necessary to avoid electrolysis of the
aqueous solution. This was later overcome by coating the
electrode surface with a thin dielectric layer (e. g., poly-
mer substrate) several microns to millimeters in thickness,
from which the term electrowetting-on-dielectric (EWOD)
or electrowetting on insulator coated electrodes (EICE)
arises [1], as shown in Figs. 1b and 1c. In cases where the
insulating layer is not hydrophobic (e. g., parylene), a very
thin hydrophobic layer such as a fluoropolymer of order
nanometers in thickness, is coated onto the insulator.
In general, the term electrowetting, at least for EWOD or
EICE configurations in which spontaneous spreading does
not occur and hence the contact angles are static (we shall
deal with the case of spontaneous electrowetting below),
has traditionally been associated with the change in the
macroscopic liquid–solid wetting angle % subtended at the
three-phase contact line where the vapor, liquid and solid
phases converge [2]. Henceforth, we shall delineate the
distinction between static and spontaneous electrowetting.
A force balance at the contact line (Fig. 2) yields Young’s
equation,

"LV cos % = "SV ! "SL , (3)

where "LV, "SV and "SL are the vapor–liquid, vapor–solid
and liquid–solid interfacial tensions, respectively. Substi-
tuting Eq. (3) into Eq. (1) with " = "SL gives

d cos %

V dV
= C

"LV
, (4)

which then leads to the equivalent Lippmann condition for
electrowetting:

cos % = cos %0 + #0#lV2

2d"LV
, (5)

where %0 is the contact angle in the absence of an electric
field. The electric field has changed the vapor–liquid sur-
face force and hence altered the static contact angle when
all three surface forces balance.
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Electrowetting, Figure 1 Schematic illustration of the various electrode configurations used to demonstrate electrocapillary and electrowetting phe-
nomena. (a) Electrocapillary phenomena involving a static change in the liquid metal–electrolyte contact angle. (b) Dielectric film coated top and bottom
plate electrodes giving rise to static changes in the liquid–solid contact angle. (c) Dielectric film coated planar plate electrode giving rise to static changes
in the liquid–solid contact angle. (d) Planar parallel line electrode configuration giving rise to spontaneous and dynamically advancing thin electrowetting
films [2]. The inset shows an enlargement of the contact line region for case (c) wherein the macroscopic drop contact angle is altered from its equilibrium
value %0 given by the Young equation to a new equilibrium value % upon application of an electric field

The incorporation of a dielectric layer would result in
a larger potential drop and a corresponding reduction in
the capacitance. As most of the potential drop now occurs
across the dielectric layer, the Lippmann condition in
Eq. (5) can be written as

cos % = cos %0 + #0#dV2

2d"LV
, (6)

Electrowetting, Figure 2 Surface forces acting at the contact line

where #d is the permittivity of the dielectric layer, which
is much smaller than #l. The above assumes the double
layer capacitance, which is in series with the dielectric
layer capacitance, to be negligible; this is not unreason-
able given that the thickness of the double layer is typically
much smaller than the dielectric layer thickness d, at least
for conducting liquids. In any case, the reduction in the
electric field intensity for electrowetting due to the pres-
ence of the dielectric layer requires a larger applied volt-
age to achieve the same electrowetting effect obtained in
the absence of the dielectric layer. However, any increases
in the applied voltage is restricted by a threshold voltage
above which dielectric breakdown of the material occurs.
Dielectric breakdown at these increased applied voltages
can however be avoided by employing an AC field with
a forcing frequency that is above the inverse of the RC
time scale (R being the resistance of the bulk electrolyte
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and C the dielectric layer capacitance) such that the poten-
tial drop across the dielectric layer is minimized.
Spontaneous electrowetting, in contrast, can arise using
the parallel line electrode configuration shown in Fig. 1d,
in what we shall term as electrowetting on line electrodes
(ELE). This was first observed by Jones et al. [3], who
noticed that a thin liquid film, several microns thick, is
pulled out ahead of the macroscopic spreading drop when
an electric potential is applied across the line electrodes,
and advances much faster than the macroscopic spreading
drop itself. This spontaneous and dynamically advancing
film arises due to a bulk electric pressure gradient in the
contact line region, which produces a negative capillary
pressure that induces bulk liquid to flow into the contact
line region, thus spontaneously pushing out a thin elec-
trowetting film ahead of the macroscopic drop [2, 4].

Key Research Findings

Figure 3 shows a typical contact angle response to the
applied voltage when the EWOD/EICE configuration is
adopted. The observed change in the contact angle isstatic
and proportional to the square of the voltage, and thus uni-
versally described by the Lippmann condition in Eq. (6)
up to a limiting value in the voltage before complete wet-
ting is achieved when deviation begins to occur. This
is attributed to contact line saturation. In addition, near
the saturation point, contact angle hysteresis is observed:
The receding contact angle upon decreasing the voltage is
observed to be smaller than the advancing contact angle
at increasing voltage. It should be noted that this hystere-
sis effect is distinct from the usual contact angle hysteresis
that occurs in drops on inclined planes, where the receding
contact angle is always greater than the advancing contact
angle.

Electrowetting, Figure 3 Typical contact angle/voltage response in
electrowetting-on-dielectric (EWOD) experiments. This particular set of
experimental data corresponds to a 75 % aqueous glycerol drop sitting
above a 100 µm poly(tetrafluoroethylene) dielectric layer under an applied
AC field [5]

Contact line saturation has been attributed to several fac-
tors, although these are not well understood and it may
be possible that these different factors could each give
rise to saturation independent of the other [6]. One pos-
sible factor is the dielectric breakdown of the atmosphere
in the contact line region. When the atmosphere ionizes,
the ambient phase no longer acts as an insulator wherein
the charges that accumulate at the contact line exert an
outwardly directed electric force which gives rise to the
spreading. As a result, the leakage of charges into the
ambient phase weakens this force, thus suppressing the
electrowetting effect [7]. When the ambient medium is
water surrounding a dielectric liquid drop, contact line sat-
uration has been suggested to arise due to charge leak-
age from the aqueous phase into the insulating polymer
layer at high field intensities [8]. It has also been suggested
that contact angle hysteresis occurs because of the delayed
release of these leaked charges from the polymer surface
back into the aqueous phase when the voltage is decreased.
Several theoretical descriptions have been proposed to
describe the electric field induced change in the macro-
scopic liquid–solid contact angle in static electrowetting.
These are based on thermodynamic, molecular kinetic,
electromechanic and static approaches [2]. Vallet et al. [7]
and Kang [9] considered an infinite planar wedge anal-
ysis in the three-phase contact line region, as shown in
Fig. 4. As the top electrode is in contact with the drop
phase, represented by the wedge, it is assumed to be at con-
stant potential, surrounded by a perfectly insulating ambi-
ent phase whose permittivity is assumed to be equal to that
of the dielectric layer of thickness d. In the absence of free
charges, the electrostatic potential in the ambient phase &

Electrowetting, Figure 4 Schematic illustration of the wedge represent-
ing the drop geometry in the contact line region in the static electrowetting
analysis of [7] and [9]. The black arrows indicate the direction of the field
and the light bold arrows indicate the resultant point force and its com-
ponents at the contact line. The curve depicts the charge density or the
normal field intensity along the drop interface which is singular at the tip or
the three-phase contact line for all % < ' [2]



E

Electrowetting 603

then obeys the Laplace equation:

"2( = 0 . (7)

The boundary conditions are stipulated by the constant
potential interfaces

( = 0 on ) and )d and ( = V on )s , (8)

where ), )d and )s denote the interfaces between the drop
and the ambient phase, the drop and the dielectric layer
and the dielectric layer and solid interfaces, respectively.
Solving Eqs. (7) and (8) for small contact angles % # 0
then yields a normal interfacial electric field that scales as

En|) $ 1

|r| 1
2

, (9)

where r is the distance along the drop interface away from
the wedge tip where the contact line is located.
We note from Eq. (9) that En is weakly singular for % < '

and diverges only in a small region with length scale of
order d away from the wedge tip. Since the electric pres-
sure scales as pe $ E2

n, the pressure gradient that arises as
a result is localized in this small confined region at the
contact line and cannot give rise to any bulk flow below the
advancing contact angle. Yeo and Chang [2] also show that
the solution of the biharmonic equation for the hydrody-
namics within the wedge gives rise to an expression for the
hydrodynamic pressure near the wedge tip as r # 0 that is
incompatible with the interfacial normal stress jump con-
dition involving a singular electric stress given by Eq. (9),
again suggesting the absence of any bulk flow in the con-
tact line region. Moreover, the confined region in which
the electric pressure gradient is significant is too small to
be resolved in the continuum limit. As such, it is necessary
to average out the electric stress, which results in a point
electric force at the contact line [9]:

F = #0#d

2

"

)

E2
n dr = #0#dV2

2d
cosec % . (10)

Decomposing Eq. (10) into its horizontal and vertical com-
ponents yields

Fx = #0#dV2

2d
, and , Fy = #0#dV2

2d
cot % , (11)

which, upon balancing the surface forces at the contact
line, leads to the recovery of the Lippmann condition in
Eq. (6). The electric pressure correction in Eq. (11) there-
fore accounts for the static change in the macroscopic con-
tact angle. Since the point electric force balances the sur-
face forces exactly, there is no net force and hence no bulk

liquid flow into the contact line region. Thus, only a static
change in the macroscopic contact angle results; no spon-
taneous electrowetting film is produced in the absence of
any bulk fluid motion, therefore demonstrating why spon-
taneous electrowetting films cannot be produced when the
EWOD/EICE configurations are adopted [2].
Yeo and Chang [4], on the other hand, have derived
a lubrication model which couples the electrodynamic and
hydrodynamic interactions in order to capture the forma-
tion and propagation of a spontaneous electrowetting film.
Assuming a liquid with large dielectric constant, the elec-
tric field is largely confined to the liquid drop and film sit-
ting on top of the line electrodes, as shown in Fig. 5. At
the interface ) the electric field is therefore predominantly
tangential, and any normal field leakage into the ambient
phase can be neglected:

En|) = !!(

!z

!!!!
)

= 0 . (12)

At the line electrodes, constant potential conditions apply:

(|)s = ±V
2

at y = %Re

2
. (13)

In the above, x, y and z are the streamwise, transverse and
vertical coordinates, respectively, and, Re is the electrode
separation.
The solution of the Laplace equation in Eq. (7) describing
the potential in the liquid phase subject to the boundary
conditions given by Eqs. (12) and (13) then yields the fol-
lowing tangential interfacial electric field near the wedge

Electrowetting, Figure 5 Schematic depiction of the drop and film
geometry for spontaneous electrowetting on parallel line electrodes. The
inset shows a magnification of the contact line region in which the drop or
the capillary ridge of the electrowetting film resembles a wedge-like geom-
etry. A cross-section of this wedge and the transverse field lines arising
due to the line electrodes, which resemble two point charges in this plane,
is also shown [4]
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tip as h/Re # 0, h being the film thickness:

Et|) = 4V
'Re

#
1 ! 8h2

R2
e

$
. (14)

Given that pe $ E2
t and h $ (xf ! x) tan %f, where xf and %f

are the position and contact angle of the advancing film
front, the hydrodynamic pressure in the lubrication limit
then reads

p = "
!2h
!x2 ! 8#0#lV2

'2R2
e

%
1 ! 16 tan2 %f

R2
e

(xf ! x)2

&
, (15)

from which we note that the hydrodynamics is enslaved to
the electric field via the film thickness.
We therefore observe from Eq. (14) that the tangential field
is maximum at the three-phase contact line where h = 0,
and decays linearly along the interface away from the con-
tact line at x = xf. Unlike the static electrowetting case
above, however, the field is non-singular in the contact
line region and thus a macroscopic electric pressure gra-
dient arises from the linearly decaying interfacial electric
stress. It is this macroscopic electric pressure gradient that
is responsible for a negative capillary pressure that forces
liquid from the bulk into the contact line region, thus push-
ing out a thin spontaneous electrowetting film ahead of
the macroscopic spreading drop. This is observed in the
numerical results shown in Fig. 6a; we note the existence
of a critical electric Bond number

B = 8#0#lV2LL̃
'2" R2

eH
, (16)

of approximately 10 for the formation of the electrowet-
ting film. In Eq. (16), H and L are the characteristic height
and length scales of the drop whereas H̃ and L̃ are those
for the advancing film.
A dominant force balance between viscous and electric
stresses at the contact line gives

*Ũ

H̃2
$ pe

L̃
, (17)

where * is the viscosity, Ũ $ L̃/T & " /* is the character-
istic velocity of the film and T the time scale. It is possi-
ble to assume, consistent with the numerical results in Yeo
and Chang [4] that the slope of the capillary ridge at the
advancing front of the electrowetting film %f and the vol-
ume per unit width of the electrowetting film Vf $ H̃L̃ are
constant. From Eq. (15), the electric pressure gradient in
Eq. (16) for constant %f then scales as

!pe

!x
$ pe

L̃
$ " HB tan2 %f

LR2
e

, (18)

Electrowetting, Figure 6 (a) Transient drop and film evolution profiles for
electric Bond number B = 100 for five equal time steps up to t/T = 0.5,
where T = L̃/U is the characteristic time scale with U = H3" /*L3 being
the characteristic system velocity. The dotted line shows the initial pro-
file and the dashed lines indicate the spreading drop due to pure capillary
motion when no electric field is applied (B = 0) at t/T = 1 and 10. (b)
Similarity behavior of the advancing electrowetting film with the collapse of
the interface profiles in time by replotting the data in (a) using a similarity
transform. (c) Time dependent position of the advancing front of the drop
radius or the electrowetting film xf/L [2, 4]

which, together with Eq. (17), leads to

L̃ $
#

" HB tan2 %fV2
0 T

*LR2
e

$1/3

. (19)

Since %f is constant, the electric pressure gradient in
Eq. (18) is also constant for a specific electrode separa-
tion Re and hence Eq. (19) rendered dimensionless has the
following similarity scaling for constant V0:

x $ t
1
3 , (20)

t being the time. Equation (20) suggests that the elec-
trowetting film advances in a self-similar manner for elec-
tric field induced spreading. This is shown in Fig. 6b in
which the film height profiles in Fig. 6a are rescaled using
the similarity scaling in Eq. (20). The dynamics of the film
is also shown in Fig. 6c showing that the electrowetting
film advances as t1/3, much faster than the t1/7 behavior
at which the drop spreads by pure capillary action in the
absence of any electrical stresses [4]. It should be noted
that the t1/3 self-similar spreading is analogous to the
self-similar gravity-driven fronts first observed by Hup-
pert in 1982. This is because the electric pressure gradient,
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given by Eq. (18) for constant %f acts as a constant body
force term similar to gravity.
A detailed similarity analysis of the constant volume elec-
trowetting film gives a prediction for the position of the
advancing film as a function of time:

xf = 0.4

%
#0#lV2Ret

*

& 1
3

. (21)

We note therefore that the film advances independent of
the dimensions and dynamics of the bulk macroscopic
drop. Equation (21) can also be expressed as

xf = 0.43Re

'
t

Tcap

( 1
3

, (22)

where

Tcap & *Lcap

"
& '2*Re

8#0#lV2 , (23)

and

Lcap & '2" R2
e

8#0#lV2 , (24)

are the electrocapillary time and length scales, respec-
tively. Fig. 7 shows a comparison between the prediction

Electrowetting, Figure 7 Position of the advancing electrowetting film
front xf as a function of time t showing the close agreement between
the model prediction (solid line) and the experimental data of Ahmed et
al. [11] without the need for empirical fitting parameters. The experiments
were carried out for deionized water (* = 1 cp , #l = 78 , V = 200 V and
Re = 40 µm); these same values were utilized for the parameters in the
theoretical model [2, 4]

given by Eq. (22) with data from the spontaneous elec-
trowetting experiments of Ahmed et al. [11] for deionized
water in which parallel line electrodes were employed,
indicating close agreement without the need for any empir-
ical fitting parameters.

Examples of Application

The ability to control the wettability of a liquid, ideally
without mechanically moving parts, is paramount in the
handling and actuation of fluids in microfluidic devices.
This has prompted a recent resurgence in electrowet-
ting studies, which allows a rapid, reversible, and precise
means for delivering and manipulating very small volumes
of liquid with relatively low power consumption [10]. The
success in generating fluid velocities in excess of several
cm/s has also attracted significant interest in electrowetting
for other applications such as electrostatic-assist coating
and miniature optical focusing devices.
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Synonyms

Electrowetting on dielectric (EWOD); Electrowetting on
insulator coated electrodes (EICE); Electrowetting on line
electrodes (ELE); Static electrowetting; Spontaneous elec-
trowetting

Definition

Electrowetting employs an externally applied electric field
to actuate or manipulate small volumes of liquid by alter-
ing its interfacial tension and hence the macroscopic con-
tact angle or by inducing bulk liquid motion through an
interfacial electric stress. Due to the low power consump-
tion, electrowetting therefore affords an efficient, rapid,
reversible, and precise means for actuating and manipu-
lating very small volumes of liquid in microfluidic devices
without the need for mechanical components.

Overview

At microscale dimensions, the surface area to volume
ratio, which scales as the inverse of the characteristic
length scale of the system L, becomes increasingly large,
thus stipulating the dominance of surface forces over body
forces. This makes it extremely difficult to move and
manipulate small volumes of fluid in miniaturized fluidic
devices. Several schemes that exploit Marangoni (surface
tension gradient) and thermocapillary (temperature gradi-
ent) stresses to control the interfacial energy and hence
drop motion have been proposed. Nevertheless, these suf-
fer from several limitations in terms of reliability, control-
lability, response times and compatibility.
In contrast, the use of electrokinetics has generally been
heralded as the preferred method for microfluidic manip-
ulation due to the ease/low costs of electrode fabrication
given the recent advances in micro/nano-fabrication tech-
nology, the precision and controllability afforded by elec-
tric fields, and, the reliability in the absence of mechan-
ically moving parts. Electric field driven actuation is

also rapid since the limitation is usually imposed by the
hydrodynamic time scale µlL/" $ 10!4 s, which is typ-
ically larger than the time scale for charge separation
#0#l/+l $ 10!6 s; µl, #0#l and +l denote the liquid viscos-
ity, permittivity and conductivity, respectively, and " is the
interfacial tension. As such, the use of electrowetting, in
which an external electric field is exploited to modify the
wettability of the drop through a change in its interfacial
tension or by inducing bulk motion through an interfacial
stress, has become increasingly attractive as a means for
microfluidic actuation and manipulation.
Yeo and Chang [1, 2] proposed that electrowetting phe-
nomena can, in general, be classified into static electrowet-
ting and spontaneous electrowetting, depending on the
electrode configuration adopted. Static electrowetting, in
which the drop sits above a planar dielectric coated plate
electrode (synonymous to the configurations employed
in electrowetting-on-dielectric (EWOD) or electrowetting
on insulator coated electrodes (EICE); see, for example,
Fig. 1a), involves the alteration of the macroscopic con-
tact angle of the drop due to the applied electric field. It
was shown in [1] through an analysis of a conducting drop
that the dominant gas-phase electric field endows the drop
interface with an interfacial charge and hence normal inter-
facial electric stress that is weakly singular towards the
three-phase contact line. Nevertheless, due to the confine-
ment of this singularity in a very small region, of the order
of the dielectric coating thickness (typically microns), the
interfacial stress is insufficient to result in a bulk pres-
sure gradient in the liquid; an electric force, which can be
obtained by coarse graining, simply arises at the contact
line that balances the surface forces. This is shown to give
rise to a modification of the macroscopic contact angle of
the drop % which obeys the Lippmann condition:

cos % = cos %0 + #0#lV2

2d"LV
, (1)

where %0 is the equilibrium contact angle in the absence
of the electric field, V the applied voltage, d the dielec-
tric coating thickness and "LV the liquid–vapor interfacial
tension.

Electrowetting, Applications, Figure 1 Schematic illustration of (a)
static electrowetting in which the applied electric field induces a macro-
scopic change in the contact angle, and, (b) spontaneous electrowetting in
which a thin front-running electrowetting film is pulled out and advances
ahead of the macroscopic spreading drop. The film thickness in (b) is not
drawn to scale


