
REPRINTED 
FROM 

LANGMUIR

Experimental and Numerical Insights into Isotropic Spreading and
Deterministic Dewetting of Dielectrowetted Films
A. C. Russell,† W. L. Hsieh,‡ K. C. Chen,‡ and J. Heikenfeld*,†

†Novel Device Laboratory, School of Electrical Engineering and Computing Systems, University of Cincinnati, Cincinnati, Ohio
45221, United States
‡Institute of Applied Mechanics, National Taiwan University, Taipei 106, Taiwan

ABSTRACT: Dielectrowetting effects of surface wrinkling, isotropic
vs anisotropic spreading, electrode geometry, and deterministic
dewetting are presented both experimentally and by 3D numerical
modeling. The numerical results are generated by COMSOL in
conjunction with the phase-field and electrohydrodynamic methods,
including comparisons to experimental data. The dynamic behavior
of the two-phase system has been accurately characterized on both
the macro- and microscopic level. This work provides a deeper
theoretical insight into the operating physics of dielectrowetting
superspreading devices.

■ INTRODUCTION

Nonuniform electric fields can be used to move dielectric
particles or fluids in a controlled manner,1−4 and with
adequately high alternating frequencies even semi-insulating
fluids can be manipulated. This approach is classically known as
dielectrophoresis (DEP)5−10 and more recently has been
implemented for superspreading of dielectric fluids such as
dielectrowetting (DEW),6,9,10 including applications such as
optical shutters.11,12 DEW devices typically consist of evenly
spaced interdigitated conducting electrodes, and much work
has been done to explain the DEP phenomenon on
interdigitated electrodes.5,13−18 However, to our knowledge,
no in-depth 3D modeling has been reported for DEW devices,
nor has theory or specific experiment for the factors limiting
isotropic superspreading been presented. Previous theoretical
or modeling work of interdigitated electrodes includes use of
series expansion of Green’s function18 and the Fourier
series.16,17 Unfortunately, all are approximations at best, and
many do not provide insight into the deeper physics of
operation specific to DEW devices. Furthermore, point charge,
charge density, finite difference, and integration have all been
used successfully to characterize the E-field for DEP
devices,19−21 yet the same approach has yet to be applied to
DEW devices.
In this work, we present both experimental and modeling

insights into the anisotropic nature of fluid superspreading,
effects of electrode geometry, and surface wrinkling of the
DEW superspread films.10 Modeling comprises 3D simulations
meshed with free triangle, third-order polynomial solutions.
Results are presented for DEW analysis using both the phase-
field method22 and electrohydrodynamic method.23 These
modeling results also confirm our previous understanding of
deterministic fluid splitting.24−26 This work provides a basis for

both deeper theoretical insight into the physics of DEW devices
and confirms that 3D modeling is a powerful and predictive
tool for DEW devices.

■ BASIS FOR 3D NUMERICAL MODELING

Phase-Field Method (PFM) for DEW Devices. The PFM
was used to numerically solve the droplet movement during
dielectrowetting and dewetting, tracing the dynamic topological
changes of the ink−air interface.22 PFM characterizes this
boundary using the ink’s free energy while incorporating the
interaction of fluids and microstructured surfaces. A side view
of the parallel 40 μm interdigitated DEW device in the off state
is seen in Figure 1a. In the on-state as shown in Figure 1b, the
diffusive transition region of the ink/air is modeled using a thin
layer that smoothly connects one region to the other using a
continuous phase-field variable, ϕ, which varies from −1 for ink
to +1 for air. The utilized volumetric fractions were V̅ink = (1 −
ϕ)/2 and V̅air = (1 + ϕ)/2. Therefore, the physical properties
can then be described across the interface in terms of ϕ as
follows:
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where ρ, μ, and ε represent the density, viscosity, and relative
dielectric constant of fluids. In the diffusive-interface picture,
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the transition between ink and air follows the Cahn−Hilliard
convection equation:27
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∂

+ ·∇ = ∇· ∇
t
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(2)

where u represents the fluid velocity, M denotes the mobility
(or diffusion coefficient), and G is the chemical potential.
Mobility can be expressed as M = χhPF

2, where χ is the
characteristic mobility and hPF is the capillary width that scales
with the thickness at the diffusion interface in PFM (Figure 1).
The chemical potential G, which is a partial differential of the
total free energy with respect to ϕ, is expressed as G = λ[−∇2ϕ
+ ϕ(ϕ2 − 1)/hPF

2], where λ is the energy density parameter. In
addition, λ and hPF are related to the interfacial tension as γ =
2√2λ/hPF.
Boundary Conditions for PFM. In the formulation of

PFM, the fluoropolymer surface is considered as a wetted wall,
where we can specify a wetted contact angle θw related to ϕ for
the fluids in the form

φ θ φ·∇ = |∇ |n cos w (3)

where n is the unit vector normal to the wall.
Electrohydrodynamic Method (EHD) for DEW Devi-

ces. The movement of the immiscible two-phase flow and
transport of mass and momentum are governed by the
incompressible Navier−Stokes equations:23
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where ρ and μ are the density and viscosity of the fluids
expressed in terms of ϕ as expressed in eq 1, and p is the
pressure in the fluid. Volumetric surface tension, Fs, is
calculated via Fs = G∇ϕ and is approximately zero except at
the diffusive ink−air interface. FD is the DEP force based on the
dielectrophoretic force7,11,12,28

ε ε= − ∇F E
1
2
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where ε0 is the vacuum permittivity, ε is the dielectric constant
of fluids in terms of ϕ as expressed in eq 1, and E is the electric
field. The ink, air, and fluoropolymer are considered to be
dielectric materials; therefore, the free electric charges can be
neglected in the DEW simulation. Hence, in the electrostatic

field formulation, the electric field is governed by the following
Laplace equation:

ε ε∇· =E( ) 00 r (7)

where εr is the relative permittivity of the numerical domains
for both solid dielectrics and fluids. Once the electric field is
determined, the effect of the DEP force FD acting on the ink
could be realized according to the Navier−Stokes equation in
eq 4.

Boundary Conditions for EHD. When solving the
momentum conservation equation, the no-slip boundary
condition (i.e., μ = 0) is utilized at the fluoropolymer surface,
and the rest of the boundaries are set to equal to 1 atm
(ambient pressure). When solving the electrostatic field, the
zero charge condition (i.e., n·D = 0) is adopted at the
boundaries with exception of the patterned electrode parts. Dc
voltage was used in the simulations; therefore, the electric field
could be calculated using E = −∇V.

■ RESULTS
The geometries and dielectric layers used for testing and
simulation vary; therefore, any pertinent details for each test
will be addressed in the subsections individually. However, in
all situations, the fabrication of the indium−tin oxide (ITO)
electrodes on glass substrates, subsequent dielectric coating,
and use of liquid crystal fluid are all similar to our previous
work.11,12 We present and discuss the results of this present
work in five subsections. First, surface wrinkling is numerically
and experimentally verified. Second, we discuss the droplet
spreading anisotropy and effect of droplet size on this
anisotropy. Third, the impact of the dielectric thickness on
spreading behavior is analyzed. Fourth, electrode morphology
and droplet wetting behavior are discussed. Lastly, agreement is
demonstrated for both experiment and modeling for the
dynamic process of fluid splitting and dewetting.

Surface Wrinkling. Parallel 40 μm interdigitated electrodes
coated in ∼50 nm of fluoropolymer (Cytonix Fluoropel
1601V) were used for the experimental results seen in Figure
2a and simulations in Figure 2b−d. The experimental wrinkling
photographs in (a) were taken using both a conventional
optical microscope (left) and interferometric optical micro-
scope (right). Similar surface wrinkling is also observed for the
modeled results. The nonuniform electric field between the
parallel electrodes is numerically shown in Figure 2b. It can be
found that the electric strength at the edge of the electrodes is
relatively high due to the fringe effect, thus leading to a strong
gradient of electric field. This result indicates that the ink
droplet experiences a relatively high dielectrophoretic force at
the electrodes edge, resulting in a periodic deformation at the
ink surface.13,29,30 Here, to clearly show the distribution of
electrical potential, we used a 4 μm dielectric layer with 300 VP
in the simulation as shown in the close-up view of Figure 2c.
Here, ±V = ±300 VP. In addition, a contour plot of the
magnitude of the dielectrophoretic force based on eq 6 is
shown in Figure 2d. The dense contour lines near the electrode
edges indicate that the strongest force is in these regions, hence
causing the observed surface wrinkling. This conclusion is
consistent with periodic deformation observed at a dielectric
liquid surface in similar devices.13,29

Insights into Anisotropic Spreading. During device
testing, both isotropic and highly anisotropic spreading were
both previously observed, and before this work, it was not
understood what factors promote isotropic spreading. Using

Figure 1. (a) Diagram side view of a DEW optical shutter in the (a)
off state (optical transmission) and (b) on state (no optical
transmission).
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devices with parallel 40 μm interdigitated electrodes with
splitting features coated in 1 μm Parylene C + ∼50 nm
Fluoropel,12 it was observed that as the liquid crystal droplet
diameter decreases, isotropic spreading across electrodes as
seen by Zhao et al.11 would not occur.
In order to understand a droplet size dependence on

anisotropic spreading, gravitational effects and Laplace pressure
are further considered. When using a single plate design (open
air), the ratio of gravity to surface tension force is characterized
by the Bond number,31 defined as (ρgd2)/γLV where ρ ∼ 1100
kg m−3 (droplet density), g is the acceleration due to gravity,
γLV ∼ 39 mN m−1, and d is droplet diameter. Additionally, the
Laplace Pressure defined as PL = γ(1/RH + 1/RV) is also clearly
dependent on droplet size (radii R). Therefore, both detailed
experiment and modeling were performed to investigate the
effect of droplet size on isotropic spreading.
For both experiment and modeling, parallel 40 μm

interdigitated electrodes coated in ∼50 nm of fluoropolymer
displayed anisotropic spreading with different applied voltages
as seen in Figure 3.30 When the device is actuated at 75 Vp, the
nonuniform spreading motion along the X direction is visually
obvious experimentally (Figure 3a) and numerically (Figure
3b). Next, tests of various droplet sizes (radius at 0 Vp) and
spreading behavior were then performed on parallel 40 μm
interdigitated electrodes coated in ∼50 nm Fluoropel (thin) as
well as 1 μm Parylene C + ∼50 nm Fluoropel (thick) devices.
Looking to Figure 4, the ratio between the spreading in the X

versus Y direction using different initial droplet sizes and 150
VP is seen using both the thin vs thick dielectric coatings.
When the droplet radius is below ∼150 μm, the spreading is

highly anisotropic (Figure 4, left). As the droplet volume
increases, the droplet spreading becomes more uniform (Figure
4, middle). When the droplet radius is >950 μm, we speculate
that the effects of gravity and weaker Laplace pressure allow
more isotropic spreading (Figure 4, right).32 The Bond number
reaches unity at a diameter of 1900 μm. At this point, we
conclude that isotropic spreading can be achieved by using
droplets with radii greater than approximately 1 mm in the
dewetted state. As shown in our previous work, the droplet
radii can simply be determined by adding splitting features with
the appropriate pitch in between them.11,12

Effect of Dielectric Thickness. The effect of the dielectric
thickness on isotropic vs anisotropic spreading for a fixed
volume droplet was also explored (Figure 5a). Various voltages
on parallel 40 μm interdigitated electrodes coated in ∼50 nm
Fluoropel as well as 1 μm Parylene C + ∼50 nm Fluoropel were
investigated with a droplet of volume ∼5 nL applied in all tests
(radius = 140 μm). Referring to Figure 2c, it is obvious that the
field lines are more concentrated near the substrate. The use of
a thicker or thinner dielectric does not seem to result in
significantly more uniform spreading, as seen in Figure 5a. This

Figure 2. (a) Top view photograph (left) of droplet transitioning from
a dewetted droplet to the wetted film state on parallel electrodes. The
surface wrinkling is also seen in the magnified optical interferometer
image (right). (b) Numerical results as viewed from (left) above as ink
spreads and (right) a close-up of numerically observed surface
wrinkling where the slice is taken at the liquid contact line. (c) Side
view of numerical simulated electric potential field lines. (d) Side view
of numerical simulated magnitude of the dielectrophoretic force.

Figure 3. (a) Top view of the liquid crystal droplet placed on
dielectrowetting device and the spreading resulting from 0, 50, and 75
Vp. Notice the greater spread in the X direction versus Y for all applied
voltages. (b) Simulation results of 0, 50, and 75 Vp show the same
behavior.

Figure 4. As droplet radius increases, the spreading becomes more
isotropic on thin and thick dielectrics.
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cut in the center of the droplet of numerical simulated electric
potential field lines for a 4 and 6 μm dielectric layer with 300
Vp.
Dielectric thickness only affects the voltage required for a

given amount of spreading, which is expected since the
divergence of the E-field decreases with distance from the
electrodes and a thicker dielectric causes the fluid to be further
away from the electrodes. Of course, very thick dielectrics could
at some thickness reach the point where superspreading cannot
be achieved at all, as the field strengths at the dielectric surface
would be very weak.
Effect of Electrode Morphology. Electrode geometry was

explored as all previous DEW work used parallel electrodes
only. Less homogeneous electrode geometries were explored to
see if they could promote more isotropic spreading using an
interdigitated sawtooth and zipper-style pattern using a ∼50 nm
Fluoropel dielectric. The sawtooth pattern exhibited very poor
or no spreading and is not presented here in detail. Therefore,
the focus here is on the zipper pattern experimental data shown
in Figure 6. The zipper pattern has E-fields which are diverging
in both the x,z and y,z planes of the substrate surface (z-axis
being the surface normal), unlike parallel electrodes where the
divergence is in limited in the direction of only x,z or y,z. The
zipper-style pattern still requires a long address line electrode to

bring in voltage from the edges of the substrate, and over the
middle of address line electrode the E-field divergence is weaker
than it would be at electrode edges. This was also confirmed in
the results of Figure 2d. This is clearly visible as the droplet
wets against the continuous portion of the address line but does
not wet further beyond that. We therefore speculate that if
superspreading is to be improved in terms of its isotropicity,
then both x,z and y,z field divergences between electrode edges
are needed, and it must be achieved without long electrode
lines which have weaker field divergence over their middle
surface. This could be achieved potentially by very narrow
address lines (using higher conductivity and higher resolution
patterning) or through voltage connections through underlying
via layers and a checkerboard or honeycomb pattern of spaced
electrodes. Fabrication of such structures is complex and
beyond the scope of this work. Therefore, using the current
toolset of materials and electrodes available in this work, the
only means to achieve isotropic spreading we have seen to be
viable is by using larger droplet sizes.

Predictive Splitting Process. The 3D numerical modeling
is also able to simulate the dewetting when using splitting
features to deterministically cause the dewetting.11,12 Here, the
regular splitting features are built into the simulation domain
with the same parameters as experimental devices shown in
Figure 7a. The side-wall angle of the splitting features is 50°,
simulating the dewetting features characterized in detail by
Russell et al.12 In addition, the pitch sizes adopted here are 850,
1300, and 2000 μm. The trend in reduction of dewetting time
by scaling down the splitting feature pitch is both
experimentally (Figure 7b) and numerically shown in Figure
7c. The diagram of the top view of the splitting process with
pitch ∼1300 μm is shown in the inset of Figure 7c, from which
it can be found that the splitting process nucleates at the
splitting features. Close correspondence can be seen when
comparing the results of dewetting in Figure 7 experimentally
(b) and numerically (c). The numerical model also accurately
follows the trend in dewetting speed, but the numerical results
are less affected by the change in splitting feature pitch. The
reason for this discrepancy is not understood at this time.

Figure 5. Spreading of a single droplet over thin vs thick dielectrics (a)
experimentally and (b, c) numerically both show that dielectric
thickness does not strongly effect isotropic superspreading. In (b, c),
the grayscale distribution denotes the magnitude of dielectrophoretic
force.

Figure 6. (a) Diagram and (b−d) optical microscope top view of the
spreading liquid crystal droplet at (b) Vp = 0, (c) Vp = 50, and (d) Vp =
75 with zipper patterned electrodes (the ITO is light, the glass is dark).
Isotropic spreading was not achieved but rather limited by the long,
parallel electrodes.
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■ SUMMARY AND CONCLUSION

This work has provided deeper microfluidic insight into the
dielectrowetting superspreading devices via additional exper-
imentation coupled with numerical simulations. Using the PFM
and EHD model, the dynamic behavior of the two-phase
system has been accurately characterized on both the macro-
and microscopic level. The effects of surface wrinkling,
anisotropic spreading, and inhomogeneous fields have been
experimentally explored, modeled, and presented here.
Isotropic spreading has been shown to be limited, at least
with the current materials and geometries used herein, to occur
only for larger droplet sizes where it is speculated that gravity
and weaker Laplace pressure facilitate the spreading. These
results of this work can be used to further optimize
dielectrowetting superspreading devices for various applica-
tions. The modeling work may also allow researchers to more
rapidly investigate alternate designs beyond those currently
reported.
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