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Calculation of DEP and EWOD
Forces for Application in Digital
Microfluidics
Two primary methods for electrostatically actuating microdroplets in channels currently
exist: dielectrophoresis (DEP) for electrically insulating fluids and electrowetting on
dielectric (EWOD) for conducting fluids. In each case, a transverse electric field is used
to create an electrostatic pressure, giving rise to the transport of individual liquid slugs.
This paper examines the nature of the force distribution for both EWOD and DEP
actuated droplets. The effects of system parameters such as contact angle and electrode
length on the shape of the force density and its net integral are considered. A comparison
of the scaling properties of DEP and EWOD for applications in digital microfluidics is
presented. The net DEP force is shown to be strongly peaked when a droplet interface is
located near the edge of a charged electrode and reduces to the well-known lumped
parameter model in the appropriate limits. The effect of electrode spacing is seen to have
an inversely proportional effect on the force experienced by the droplet, and the effect of
increasing droplet contact angle is observed to increase the net force on the droplet.
�DOI: 10.1115/1.2956606�
Introduction
The field of digital microfluidics, in which discrete droplets are
anipulated in place of continuous flows, has seen rapid develop-
ent over the past few years for a variety of applications, from

ngineering to the life sciences �1–7�, including variable focus
enses, display technology, fiber optics, and lab-on-a-chip devices.
n particular, efficient and cost-effective lab-on-a-chip devices are
n great demand, as they allow for highly repetitive laboratory
asks to become automated with the introduction of miniaturized
nd integrated systems �8�. This technique typically makes use of
orces possessing favorable scaling relationships; prevalent ex-
mples include thermal or chemical surface tension modulation,
lectrowetting, and dielectrophoresis �DEP�. In our group, digital
icrofluidics has been employed for active thermal management

f compact electronic devices �9–11�, design of a zero leakage
icrovalve �12�, investigation of droplet morphology under elec-

rowetting actuation �13�, and design of an electrowetting micro-
ense �14�.

Accurate descriptions of actuation forces and resultant droplet
elocities must be available when designing an integrated device
aking use of discretized flows. Currently, the most promising
ethods of droplet actuation in microfluidic devices are elec-

rowetting on dielectric �EWOD� for conductive droplets �15–17�
nd DEP for electrically insulating droplets �18–22�, where in
oth cases droplets are transported by sweeping an applied volt-
ge along a microchannel ahead of the droplet. Numerical model-
ng of the droplet dynamics for EWOD and DEP configurations
as been done using approximations of the electrostatic effect
13,23�, but incorporation of the electrostatic force density into a
irect simulation of the fluid mechanics is desired. For an example
f such a simulation, see Ref. �24�. This paper presents numerical
esults describing the forces in DEP and EWOD for a droplet of
xed geometry. The lumped parameter result for the net droplet
orce is stated for DEP, and then compared with the results from
irect numerical simulation of electrostatic forces. An analysis of
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the lumped force acting on an EWOD droplet has previously been
presented by our group and others �2,25,26�. Here we extend these
results to DEP, investigate the net forces and force distributions in
DEP actuation, and provide comparison with EWOD.

The primary difference between an EWOD and a DEP actuated
droplet is the nature of the fluid and its effect on the electric field’s
penetration into the media, see Fig. 1 for the basic setup of
EWOD and DEP. For EWOD, an electrically conducting droplet
is placed in a dielectric-coated channel lined with electrodes. A
given electrode is then activated, creating an electric field that
induces a charge accumulation on the surface of the fluid. This
charge accumulation allows for the creation of a net force on the
droplet, drawing the droplet toward the actuated electrode. Inves-
tigation of the interface profile and electrostatic distribution in
EWOD has been explored in several papers �27–29�. The charge
distribution near the contact line was found analytically, giving
rise to a force distribution that is clustered in a region near the
contact line on the order of h, the thickness of the dielectric layer.
The interface profile used in this paper is assumed circular and
fixed for all time, so any dynamic response to the electric field is
not included and is a topic of future research.

DEP differs from EWOD in that the liquid is insulating, charge
does not accumulate on the surface, and the electric field pen-
etrates into the liquid. It is well known that a dielectric material is
drawn into the gap between the parallel plate of a charged capaci-
tor �30�. This is a result of the nonuniform fringing field located at
the edge of the capacitor, providing a force pointing toward its
center �30,31�. As opposed to EWOD, the dielectrophoretic force
can act over the droplet’s front face or within the bulk of the fluid
itself. Jones �20,21� has explored the close relationship between
DEP and EWOD on a theoretical basis, but for direct simulation
of EWOD and DEP flows including electrostatic effects, a clear
description of the force distribution is required. The cases consid-
ered here are for a perfect conductor �EWOD� and a perfect insu-
lator �DEP�, but there exist many fluids that exhibit properties of
both a conductor and a dielectric, namely, leaky dielectrics �32�.
This will be the topic of a future publication.

2 Governing Equations
In the problems considered in this investigation, the focus is on
droplet flow resulting from electrical forces. In many microfluidic
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pplications, the dynamic currents are so small that the magnetic
eld can be ignored. In this situation, the governing equations for

he electrical field are the electrostatic laws �33�.
The governing equations of motion for incompressible fluids

nder electric effects are the mass, momentum, and electrostatic
quations. Aside from the mechanical forces �pressure and shear
tress�, there exists Columbic forces due to any existing free
harge as well as forces due to polarization. The corresponding
oundary conditions at a fluid interface are obtained by integrat-
ng the mass and momentum equations through the interface.

The net effect of an applied electrical field on a given fluid is
epresented by an extra body force on the right hand side of the
avier–Stokes equations. The body force density fb in a fluid

esulting from the influence of an electric field can be written as

fb = � fE −
1

2
E2�� + ��1

2
E · E

��

��
� �1�

here � is the fluid permittivity, � is the density of the fluid, � f is
he free electric charge density, and E is the electric field. This is
he Korteweg–Helmholtz electric force density formulation
34–36�. The last term in this equation, the electrostriction force
ensity term, can be ignored for incompressible flows. Hence, the
ody force density considered here is given by

fb = � fE − 1
2E2�� �2�

his force density provides a coupling between the droplet hydro-
ynamics and electric field. The first term of Eq. �2� is attributed
o free charge in the system, while the second term is the contri-
ution from the polarization of the medium.

The body force density �2� can be identically written as the
ivergence of a stress tensor, namely, the Maxwell stress tensor

fb = � · TM �3�
r in tensorial notation

Tij
M = �EiEj −

�

2
�ijEkEk �4�

his stress term accounts for both the forces due to the free elec-
ric charges and the forces due to the polarization of the material.

For a system consisting of perfectly insulating fluids �such as in
EP� with no free charge present, the first term in Eq. �2� can be
isregarded. The second term in Eq. �2� is only nonzero at the
nterface between the two fluids, where there exists a gradient in

ig. 1 The „a… EWOD and „b… DEP configurations. H is the
roplet and the channel height and L, Le, and Lc, are the drop-

et, the electrode, and the channel widths. l is the spacing be-
ween the hot and grounded electrodes.
. This indicates that the force density is located at the fluid inter-
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face, not distributed throughout the bulk of the fluid as the physi-
cal interpretation of the polarization effect indicates. The debate as
to what point of view is correct is longstanding, but these seem-
ingly contradictory interpretations of the body force density can
be shown to be equivalent if care is taken �37�. The body force
density due to the polarization forces is traditionally given by the
Kelvin polarization body force density �38�,

fb = �P · ��E = ��� − �0�E · ��E = � � �1

2
E2� − �� �0

2
E2� �5�

where P= ��−�0�E is the polarization field. For an incompressible
fluid, the scalar pressure only appears in the Navier–Stokes equa-
tions in terms of a gradient. The role of pressure is to ensure that
continuity of the vector field is satisfied, and it takes on whatever
value is needed to guarantee that this condition is always fulfilled.
Hence, any other term that appears in the Navier–Stokes equations
as the gradient of a scalar can be absorbed into the pressure �38�.
This is true of the last term in Eq. �5�, and so the effective body
force density in view of the Kelvin representation is

fb = � � � 1
2E2� �6�

Now consider the Korteweg–Helmholtz formulation. Using the
vector identity �����=���+��� and recalling that there is no
free charge present in this system, Eq. �2� becomes

fb = � � �1

2
E2� − �� �

2
E2� �7�

Since the last term in Eq. �7� is the gradient of a scalar, it can be
absorbed into the pressure. Therefore, the difference in the Kelvin
and Korteweg–Helmholtz body force densities is the gradient of a
scalar, a term that has no dynamic significance for incompressible
flows.

For a system where one fluid is significantly more conductive
than the other �such as EWOD�, the electric relaxation time for the
conductive liquid can be assumed to be significantly shorter than
the relevant hydrodynamic time scales. As a result, the interface
can be regarded as a perfect conductor. For such a conductor
under the influence of an electric field, all free charge in the sys-
tem accumulates on the surface of the droplet. For such a setup,
the force density is given by the first term in Eq. �2�, except that
for an ideal conductor we have � f →� f, where � f is the surface
charge density. Note that this is no longer a body force density; it
is confined to the surface of the droplet. The surface charge den-
sity can be rewritten using Gauss’ law and the field itself is ex-
pressed as the average electric field intensity at the surface. Ap-
plying these two conditions and recalling that the electric field is
always normal to the surface of a conductor gives the surface
force density fs at the interface,

fs = � fE =
�ext

2
E2 �8�

where �ext refers to the dielectric constant of the fluid external to
the conductive droplet �39�.

Thus, the difference in the force distribution for dielectric and
conductive fluids is that of a body force density as opposed to a
surface force density. This is an essential difference in regard to a
numerical implementation of these forces coupled with the fluid
equations.

The investigation of the electric force acting on droplets that are
perfectly conductive and perfectly insulating is now considered in
detail. The following introduces the nondimensionalization of the
system considered in this paper.

2.1 Nondimensionalization. Figure 1 shows the setup for
both the EWOD and DEP systems considered in this paper. Let

the primes denote the nondimensionalized variables and set
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x� =
x

H
, y� =

y

H
, V� =

V

V0
, �� =

�

�0
�9�

here H is the channel height, V0 is the charged electrode voltage,
nd �0 is the electric permittivity of free space. This nomenclature
s used to nondimensionalize the governing equations.

2.1.1 DEP. In electrostatics, E=−�V defines the relationship
etween the electric field E and the electric potential V. Using the
otential formulation, Gauss’ law reads

� · ���V� = �� �2V

�x2 +
�2V

�y2 � +
��

�x

�V

�x
+

��

�y

�V

�y
= 0 �10�

or the system considered in this paper, � is a continuous function
hat takes on the value �ext outside the droplet, �int inside the
roplet, and continuously transitions between �ext and �int linearly
n the scale of the grid. Nondimensionalization of Eq. �10� gives

��� �2V�

�x�2 +
�2V�

�y�2 � +
���

�x�

�V�

�x�
+

���

�y�

�V�

�y�
= 0 �11�

In the presence of the electric field, the atoms in a dielectric
aterial polarize. The resulting dipoles experience a force from

he electric field, and this electrostatic force density fb of the elec-
rically insulating droplet is given by Eq. �5�. Equation �5� can
hen be integrated over the entire domain to give the net force
cting on the insulating droplet. The relationship between the non-
imensional body force density fb� and the dimensional body force
ensity fb is

fb =
�0V0

2

H3 fb�

2.1.2 EWOD. In EWOD, the droplet is a conductor and hence
here is no electric field present internally. Therefore, Eq. �10�
educes to Laplace’s equation,

�2V�

�x�2 +
�2V�

�y�2 = 0

ith the appropriate boundary conditions.
The charge distribution resulting from the electric field present

n the conducting droplet feels a force from the external electric
eld, giving rise to an electrostatic force always felt normal to the
urface, given by Eq. �8�. The integration of this force density
ives the net force on the conductive droplet. The relationship
etween the nondimensional surface force density fs� and the di-
ensional surface force density fs for the EWOD configuration

onsidered here is

fs =
�0V0

2

H2 fs�

The use of the primes has been dropped in the remainder of this
aper for notational clarity.

2.2 Lumped Forced Calculations. The next two sections
ertain to the forces at work in DEP and EWOD. The total force
er unit area experienced by a droplet can be directly derived
rom capacitive energy considerations �30,31�. Differentiation of
he system energy U gives the net force F in the horizontal direc-
ion, per unit area,

F =
dU

dx

his method is demonstrated for both EWOD and DEP droplets in
he section below. To calculate force distributions, numerical
ethods must be utilized, and this is presented in Sec. 3.

2.3 Lumped EWOD Force. Under EWOD actuation, the
roplet is a conductor, and so all the charge is located at the fluid

nterface. Hence, the droplet experiences a surface force near its
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front and rear contact lines. We consider here only the case of a
continuously grounded electrode, with the opposing side of the
droplet in contact with a hot electrode with potential V on its
advancing face and a grounded electrode on its receding face, as
seen in Fig. 1�a�. Ignoring the contributions of edge effects at the
contact lines and the hot/cold electrode interface, the total capaci-
tive energy in the system is

W =
1

2
clLVdrop

2 +
1

2
cu�x +

L

2
��V − Vdrop�2 +

1

2
cu�L

2
− x��− Vdrop�2

�12�

where cu and cl are the capacitances per unit area of the top and
bottom dielectric coatings, Vdrop is the voltage of the droplet, d is
the thickness of the dielectric layers insulating the droplet from
the electrode, and x=0 when the center of the droplet is directly
under the left edge of the electrode. Assume cu=cl=c=�lay /d,
where �lay is the dielectric constant of the insulating layers. Then
the droplet voltage is found by minimizing the total energy with
respect to Vdrop, giving a result of �36,39,40�

Vdrop =
V

2
� x

L
+

1

2
� �13�

Adding Eq. �13� to Eq. �12� gives the system energy, which can be
differentiated by x to give the net force in the horizontal direction,

F =
dU

dx
=

�lay

4d
V2�1 −

2x

L
� �14�

Note that the total force on the droplet is a function of the droplet
position with respect to the electrode. As a result, a droplet under
EWOD actuation experiences a cyclic total force as it moves over
a periodic array of electrodes. However, one should note that this
lumped model breaks down when the droplet interfaces approach
the electrode edges, as edge effects play an important role �26�. In
such cases, one requires direct numerical simulation of the gov-
erning equations to obtain the net force, as described in Sec. 3.

2.4 Lumped DEP Force. Let �int and �ext be the dielectric
constant of the droplet and the external fluid, respectively. Con-
sider the system in Fig. 1�b� and recall that x=0 when the center
of the droplet is directly under the left edge of the electrode in this
section. The energy stored in the region where the droplet is under
the charged electrode is given by 1

2cintV
2, where cint=�int /H�x

−L�V2 is the capacitance per unit area of this region. The energy
stored in the region under the charged electrode where the droplet
is not present is given by 1

2cextV
2, where cext=�ext /H�Le−x�V2 is

the capacitance per unit area of this second region. Then the net
force per unit area is given by

F =
dU

dx
=

d

dx
�1

2
cintV

2 +
1

2
cextV

2� =
1

2

�int − �ext

H
V2 �15�

where �int is the dielectric constant of the fluid itself and �ext is the
dielectric constant of the external fluid. This force is seen to be the
difference in capacitive energy between a dielectric-filled channel
and an empty channel. Again, this model is only valid when the
droplet interfaces are well away from any fringing fields. Note
that the droplet height, H, appears directly in this expression for
F; this factor gives DEP a different scaling than EWOD �26,41�.
The velocity of an EWOD droplet depends on H /L, where L is the
length of the droplet. In contrast, the velocity of a dielectric drop-
let depends only on 1 /L, making DEP increasingly effective for
very small channel sizes.

2.4.1 Maxwell Stress Tensor. The above lumped parameter
analysis can equivalently be derived using the Maxwell stress ten-
sor with a judicious choice of integration path �20�. However, the
stress tensor calculation fails when the droplet interface is near the
edge of the electrode.
First, consider the integration paths in Fig. 2�a�. Here the drop-
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et interface is well away from the electrode interface. The vertical
omponents of the integration path are assumed to be far enough
way from regions of nonuniformity that E is known analytically.
he contributions along the horizontal components of the integra-

ion path take the form �when only concerned with force in the
orizontal direction�

� T12da =� �E1E2da

here the subscripts 1 and 2 refer to the x and y directions, re-
pectively. Since the horizontal components lie along the elec-
rodes, E1=0 and so these parts of the integration path contribute
othing to the stress tensor integration.

Now consider the integration path in Fig. 2�b�. The droplet
nterface is now near the electrode interface, and the integration
ath must lie across the hot/cold electrode interface to ensure that
he vertical components of the path are in regions where E is
nown analytically. Unfortunately, it can no longer be assumed
hat E1=0 all along the upper horizontal path because of the dis-
ontinuity, and so the stress tensor method fails when droplet
nterfaces are near electrode interfaces. In order to calculate the
et force in these regions, numerical methods need to be utilized.

Note that the same problem persists even when a gap is added
etween the hot and cold electrodes, as one would need to inte-
rate around the corners of the electrode, where the normal direc-
ion is ambiguous.

Force Distribution
In this section, we present a detailed analysis of the electric

orce distribution of a droplet for both EWOD and DEP. The
umped analysis is only valid when the interface is far from the
ringing fields. While the total force experienced by a droplet
nder EWOD and DEP was given in the previous section, a com-
lete solution of the Navier–Stokes equations including electrohy-
rodynamic effects requires a detailed knowledge of the force
istribution, as given below.

3.1 EWOD Force Distribution. Consider a droplet with no
et charge while it is electrically isolated from the electrodes.

ig. 2 Integration paths used when calculating the force with
he Maxwell stress tensor when „a… the droplet interface is far
way from the electrode interface and „b… when the droplet in-
erface is near the electrode interface.
ince no volumetric free charge exists in the solution region, the
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potential is found by solving Laplace’s equation outside of the
droplet with the appropriate boundary conditions�42�. The bound-
ary condition on the surface of the conductor is

� f = − �ext
�V

�n
�16�

with the entire droplet itself held at a constant potential Vdrop. The
charge distribution and droplet potential are not in general known
a priori and must be found as part of the numerical solution�43�.
This is accomplished via a shooting method in which two initial
guesses for the droplet voltage are assumed; the net charge on the
surface is calculated by integrating � f =−�ext��V /�n� over the
boundary, and a subsequent guess for Vdrop is calculated via the
secant method. Convergence is reached when the integration of
the surface charge is near enough to zero, specified by the user �a
value of 10−6 was used in these calculations�, see Ref. �26� for
details.

The Laplace equation is discretized using second-order cen-
tered differences and the resulting system is solved iteratively. An
example calculation of the electric potential around a conducting
droplet is shown in Fig. 3. The droplet is centered over the voltage
step, and the channel is lined with dielectric layers equal thick-
nesses given by d=0.1H. The contour lines are densely concen-
trated around the four corners of the droplet, indicating the out-
ward pressure along both faces.

The charge distribution and force densities on the surfaces of a
straight-sided centered droplet are shown in Fig. 4. On the rear
interface, the distributions are symmetric about the centerline and
always of the same sign. On the front of the droplet, the charge
changes sign at a location given roughly by

y =
Vdrop

V
H �17�

and the force density is most strongly peaked near the hot elec-
trode. Note that the force distributions are localized within a dis-
tance of order d near the droplet edges. In many EWOD applica-
tions, d is less than 1% of H, and the force is often treated as if it
were a point force acting exactly at the contact line �27�. For more
details on the numerical force calculation in EWOD including
verification, see Ref. �26�.

3.2 DEP Force Distribution. The simple bulk parameter
analysis presented earlier for a dielectric medium is only valid for
certain locations of the dielectric fluid slug relative to the actuat-
ing electrode. When the fluid interface is near a voltage jump, the
form of the system energy will be strongly dependent on the exact
location of the fluid. Equation �15� is therefore expected to be
accurate only when the droplet is straddling the hot/cold electrode
interface with its own faces reasonably far away. In addition, Eq.
�15� does not address the force on a droplet approaching, but not
yet in contact with, a voltage jump. To address these situations,
numerical methods must be utilized.

To calculate the desired force density, we must first solve Eq.
�10� numerically to obtain the electric field of the system. The net
force on the droplet is an artifact of the increase in the gradient of
the square of the electric field. If the interface is located in a
region where the divergence of E2, the contribution to the net
body force of this region is greatly increased. Because of this, it is

Fig. 3 Example calculation of the electric equipotentials sur-
rounding a droplet in EWOD configuration; the contact angle is
10 deg. In nondimensional units, h=1, L=2, and the length of
the computational domain=10. See Ref. †26‡ for more details.
critically important that the electric field is accurately resolved
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ear the fringing fields located at the edges of the electrodes. To
chieve this resolution, a nonuniform grid is applied in the
-direction. Let x and x� denote the horizontal coordinate in the
hysical and computational planes, respectively. We define the
elationship between the two planes as

x� = xmax�A +
1

�x
sinh−1�� x

x0
− 1�B��

here

A =
1

2�x
log� 1 + �e�x − 1�x0/xmax

1 + �e−�x − 1�x0/xmax
�

B = sinh��xA�

here xmax is the maximum value in the physical domain, x0 is
here we desire to cluster nodes, and �x controls the amount of

lustering about x0, where greater values of �x lead to a higher
oncentration of points about x0 �44�. See Fig. 6 for schematics of
he grid distribution in the computational domain.

ig. 4 Charge distributions „a… and force densities „b… on the
eading and trailing interfaces of an EWOD-activated droplet.
ontact angle is 0 deg. See Ref. †26‡ for more details.
Transforming Eq. �10� to the computational plane, we arrive at
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�� �2V

�x�2� �x�

�x
�2

+
�V

�x�

�2x�

�x2 +
�2V

�y2 � +
��

�x�

�V

�x�
� �x�

�x
�2

+
��

�y

�V

�y
= 0

�18�
where

�x�

�x
=

xmaxB

�xx0��x/x0 − 1�2B2 + 1�1/2

�2x�

�x2 = −
xmaxB

3�x/x0 − 1�
�xx0

2��x/x0 − 1�2B2 + 1�3/2

Each term in Eq. �18� is discretized using the standard second-
order centered finite difference approximation. For a given node
�i , j�, the discretization of Eq. �18� yields the following relation-
ship:

1

��y�2��i,j −
�i,j+1 − �i,j−1

4
�Vi,j−1 + � �i,j

��x�2� �x�

�x
�2

−
�i,j

2�x

�2x�

�x2

−
�i+1,j − �i−1,j

4��x�2 � �x�

�x
�2�Vi−1,j − 2�i,j� 1

��x�2� �x�

�x
�2

+
1

��y�2�Vi,j + � �i,j

��x�2� �x�

�x
�2

+
�i,j

2�x

�2x�

�x2

+
�i+1,j − �i−1,j

4��x�2 � �x�

�x
�2�Vi+1,j +

1

��y�2��i,j

+
�i,j+1 − �i,j−1

4
�Vi,j+1 = 0

The domain in Fig. 5 is discretized using this formula, and the
resulting matrix equation is then solved using iterative methods.
For the gap between the hot and cold electrodes, the boundary
condition �V /�n=0, where n designates the normal direction, is
applied.

Recall that the electrostatic force density is given by Eq. �6�. To
find the net force on a fluid slug, it is necessary to integrate Eq. �6�
all along the channel, not just over the volume of droplet itself.
This is because the fringing fields at the edge of the charged
capacitor exert an inward force on whatever material is present,
including the external fluid surrounding the droplet; this force is
felt as a pressure on the droplet interfaces, and the flow proceeds

Fig. 5 Boundary conditions used in numerically solving for
the electric potential surrounding a dielectric fluid in DEP
configuration

Fig. 6 Representative grid used in computation; not all com-
putational nodes are shown. x0 is the point of maximum

clustering.
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uch that the material with greatest electric permittivity is drawn
nto the “hot” capacitive region. The force on a droplet thus
hanges sign as it moves over a charged electrode. In addition, the
EP force becomes repulsive for droplets immersed in a fluid of
igher dielectric permittivity. Note that, for completeness, in this
aper we consider the full, symmetric case of a droplet moving
nto and out of a capacitor, resulting in antisymmetric force peaks
n the fluid. Therefore, it is recommended that the electrodes in a
EP device be narrower than the droplet’s length, and that they be

ctuated so that a fluid slug is pulled forward with a force always
f the same sign.

The nondimensionalized values used in the following computa-
ions are H=1, L=2, Lc=10, Le=2, �ext=1, and �int=3, unless
therwise stated. Generally 2001 nodes were used in the horizon-
al direction with Bx=2 and x0 located at the leading edge of the
roplet, and 51 nodes were used in the vertical direction unless
therwise specified. Figure 7 shows an example calculation of the
lectric potential for a droplet centered underneath the left edge of
he electrode. The electric field is found by taking the gradient of
his potential and the electrostatic force density is then found by
quaring the electric field and again taking the gradient. As a
onsequence, the force density is very strongly localized in re-
ions where the potential gradient is largest, i.e., near the hot/cold
lectrode interface.

To ensure that the resolution is high enough to capture the
ehavior of the net force, the force was calculated as the droplet
oved over the edge of the electrode. The convergence of the
ethod for a varied number of points in the horizontal direction is

een in Fig. 8. Note that capturing the height of the peak requires
ore resolution than nearby values of the total force.
Figure 9�a� shows the net force experienced by the droplet as a

unction of position. The gap width between the hot and cold
lectrodes is set to 2.5% of H. A sharp spike in force as the droplet
pproaches the electrode can be seen. Once the leading droplet
dge has passed underneath the electrode, the force experienced
y the droplet approaches a net nondimensionalized force of 1,
hich agrees with the theoretical result �15� from the lumped

orce calculation. As the droplet continues to move, it experiences
strong increase in force to the right as the leading edge of the

roplet approaches the far edge of the electrode. It is at this point
hat one would want to activate the next electrode in the series to

ig. 7 Example calculation of the electric potential V for a
roplet centered under the left edge of an electrode

ig. 8 Convergence of force calculation as resolution in-
reases. The number of points is in terms of the discretization

n the x-direction.
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keep the droplet moving to the right. This force is counteracted as
the leading edge exits the region covered by the hot electrode and
the behavior described above is repeated but in the opposite
direction.

Figures 9�b� and 9�c� show a similar force plot but with wider
electrodes so that the active electrode is longer than the entire

Fig. 9 The net horizontal force experienced by the droplet as a
function of position. Position is given by the location of the
center of the droplet with respect to the center of the electrode.
„a… Le=1.8 and L=2.0; „b… Le=2.0 and L=2.0; „c… Le=2.2 and L
=2.0; and „d… setup for force calculations in „a…–„c….
length of the droplet. In this case, we observe a decrease in net
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Downlo
orce as the leading droplet edge approaches the right edge of the
ctive electrode. Because the electrode is longer than the droplet,
he trailing edge of the droplet experiences a negative force as it
ears the left edge of the electrode, causing the force to be di-
ected to the left. This occurs before the leading edge of the drop-
et is near the right edge of the electrode, as in Fig. 9�a�. This
ituation is not ideal if one hopes to use a sequence of electrodes
o transport the droplet to the right. Clearly, a smaller electrode is
esirable in applications. This phenomenon demonstrates how the
se of narrow electrodes and the importance of accurate electrode
ctuation is critical in DEP to avoid “stalling” the droplet in the
hannel.

The spikes in force seen in Figures 9�a�–9�c� can be explained
y the drastic change in the gradient of the electric field when the
roplet edge �and hence the dielectric medium� passes through the
ringing field induced by the electrodes. The effect of droplet con-
act angle can enhance this effect, see Figs. 10 and 11, increasing
he net force on the droplet while it is in this region. This effect
ill only be seen when the droplet interface is located near the

ringing field; otherwise the net force can be obtained by the pre-
iously mentioned analytical results. This is a result of the inter-
ace physically extending farther into the domain when the con-

ig. 10 Electric potential for various contact angles. The in-
reased gradient from the curvature results in greater net hori-
ontal force.

ig. 11 Increase in net horizontal force as the contact angle �
ncreases for a droplet with the leading edge placed near the

eft edge of the electrode near the fringing field

ournal of Fluids Engineering
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tact angle is increased; the nonuniformity of the fringing field
gives rise to the increase in force as the interface extends further
into the region.

The scaling in DEP varies with L, when the droplet interfaces
are well removed from the electrode edges. However, when the
interfaces are near the edges of the electrode, the force scaling is
dependent on l, the distance between the hot and cold electrodes,
as seen in Fig. 12. In EWOD, a surface force density is distributed
over the droplet’s front and rear interfaces and is localized within
a length scale equal to the thickness of the dielectric layers lining
the channel. DEP differs from EWOD in that a volumetric force
density is localized within a radius on the order of the gap be-
tween the hot and cold electrodes. While varying the electrode gap
width does not affect the net force when the droplet interfaces are
sufficiently far from the voltage jump, it does spread the force
distribution over a larger area.

Figure 13�a� shows the decrease in total force on the droplet as
l increases. As the leading edge of the droplet approaches the
electrode, the net force felt by the droplet begins to grow. The rise
in force occurs over the same distance as l, resulting in a broad-
ening of the peak as l increases and a reduction in maximum force
obtained. Reducing the magnitude of the force by increasing the
gap width of the electrodes may be beneficial in applications, as
strong electric fields can cause local dielectric breakdown of the
fluid.

Scaling these peaks with respect to the gap width demonstrates
the linearity of the relationship. We see the same characteristic
features of the peaks align when scaled in this manner, as seen in

Fig. 12 DEP configuration. The gap between the adjacent elec-
trodes is l.

Fig. 13 Net horizontal force versus x, for various values of l.
The percentage shown indicates the width of the gap with re-
spect to H. P1 and P2 are the same, as shown in Fig. 12. „a…
Force versus position. x=−1 when the leading edge of the
droplet is flush with the edge of the electrode. „b… Net horizon-
tal force versus nondimensional position „relative to the length
of the gap between the electrodes…. l2.5% is the length of the gap

for l=0.025H and xpeak is the location of the maximum net force.
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Downlo
ig. 13�b�. This is a beneficial relationship for the fabrication of
icrofluidic devices, as the behavior of droplets with different gap

calings can be extrapolated from known data.
Note that the net forces calculated in this paper pertain to a

olid as well as a liquid; the dynamics of the medium do not play
role in these calculations. To fully integrate the electrostatics

nto a fluid solver, the force density �2� resulting from the electric
eld can be added as a body force acting upon the fluid. Investi-
ation into fluid solvers coupled with the electrostatic effect is
eginning to occur, for example, see Ref. �24�. Besides the bulk
ransport of the droplet, it is expected that some interesting dy-
amics would arise from adding the force distribution into a fluid
olver. For instance, consider a droplet centered over the edge of a
ot electrode, as seen in Fig 7. The droplet experiences a net force
ulling it into the region of the hot electrode resulting from non-
niformity of the field. The field is particularly nonuniform in the
egion of the droplet located near the gap separating the hot and
old electrodes �i.e., the points P1 and P2 seen in Fig. 12�. This
egion contains two peaks of extremely large magnitude but op-
osite signs. The net effect from this region is canceled out in the
ntegration of the force density, but one would expect the fluid to
espond to these peaks locally, creating some local fluid circula-
ion. Furthermore, the net force is only in the horizontal direction,
ut forces are present in the vertical direction as well, which cer-
ainly will change the shape of the droplet.

Conclusion
The two primary methods for droplet transport in digital mi-

rofluidics, namely, DEP and EWOD have been investigated.
WOD works with conductive fluids while DEP pertains to insu-

ating fluids. In both cases, droplet transport is achieved by sweep-
ng a voltage along a microchannel ahead of the droplet. A review
f the Korteweg–Helmholtz and Kelvin force density formula-
ions has been given as well as how these force densities apply to
EP and EWOD.
An energy minimization approach was used to calculate the

otal force acting on a droplet under EWOD and DEP actuation. It
s seen that the total force for EWOD scales as 1 /d, where d is the
ielectric layer thickness, while for DEP the total force scales as
/H, where H is the channel height, which leads to different ve-

ocity scalings of H /L and 1 /L for EWOD and DEP, respectively.
his indicates that DEP will be increasingly effective for small
hannel heights.

Investigation of the force distributions for EWOD shows how
he force density is confined to the surface of the droplet while in
EP it is spread throughout the bulk. This is a critical difference

o note when implementing any computational simulation of
WOD and DEP. Two methods were demonstrated for numeri-
ally calculating the force distribution for EWOD and DEP. To
ully resolve the force when interfaces are located near regions of
onuniformity in the electric field, greater resolution is required.
n DEP, it is noted that interface curvature can enhance the net
orce experienced by the droplet as a result of the fluid interface
xtending further into the electric field. When a droplet is under
EP actuation, small electrode sizes in comparison to droplet

ength are preferable, as they keep the net force pointing in the
ame direction as the droplet moves under the electrode and
voiding any possible stalling of the droplet in the channel. Inves-
igation of the gap width l between electrodes demonstrates how
EP scales with respect to l. As the interface travels through the

egion represented by l, the net force acting on the droplet in-
reases. A decrease in the maximum force obtained also occurs as
grows. In engineering applications, this parameter could be used

o lessen the magnitude of the force if dielectric breakdown of the

uid was a concern.
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