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Contact line dynamics of a water drop spreading over a textured surface
in the electrowetting-on-dielectric configuration
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Modeling the electrowetting process of a liquid droplet placed on a hydrophobic surface in an ambient
environment has several challenges over and above those of basic spreading [F. Mugele, Soft Matter 5, 3377
(2009)]. At an external voltage below the value that causes contact angle saturation, transient spreading is
augmented by contact angle reduction defined by the Young-Lippmann equation. In addition, the macroscopic
equilibrium contact angle and, therefore, the spreading rate could be altered by the surface hysteresis. Beyond
the saturation point, spreading reveals additional features of higher complexity [Q. Vo and T. Tran, J. Fluid
Mech. 925, A19 (2021)]. These details have been examined from experiments as well as numerical simulation
in the present work. Below the saturation point, the contact angle model of Dwivedi et al. [Phys. Rev. Fluids
7, 034002 (2022)] with the correction related to the electric field is seen to be applicable. Beyond saturation,
the experimentally determined instantaneous contact angle distribution shows two distinct functionalities with
respect to the contact line velocity. The first prevails from the onset of spreading until the spreading factor
attains a peak value. The second trend is initiated with the retraction of the contact line. Except for differences
in parametric values, the form of the contact angle model remains unchanged. Simulations in the postsaturation
regime are shown to match experimental data in terms of the transient spreading factor, drop shapes, and the
instantaneous contact angle. The role of the ground wire is found to be important and the three-phase contact line
formed on it has been included in simulations. Spreading dynamics of the droplet have also been studied when
the ground wire is kept at a distance of 40 μm from the apex of the drop. Simulations as well as experiments,
show the propagation of a capillary wave between the ground wire and the three-phase contact line. For spreading
over an uncoated polydimethylsiloxane (PDMS) surface, the contact line is trapped at local pinning sites, leading
to additional distortions in the instantaneous shapes acquired by the interface.
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I. INTRODUCTION

Electrowetting on dielectric (EWOD) is a promising tech-
nique to change the wetting behavior of a conducting drop
placed over a dielectric coating. Starting with Lippmann’s
electrocapillarity experiment [1,2], several attempts have been
made to understand the physics of contact angle reduction on a
variety of surfaces. The electromechanical approach of Jones
[3,4] examined the force exerted on the conducting droplet
under electric field actuation. Vallet [5] used conformal map-
ping to determine the surface charge density distribution over
the liquid-gas interface and showed divergence of the force
field at the contact line. Adopting this approach, Kang [6]
derived the form of the Young-Lippmann (YL) equation that
is presently in use. A steady potential difference applied be-
tween a ground wire and an actuated electrode will increase
the wettability of the conducting drop as per the Young-
Lippmann equation given as [6]

cos θYL = cos θe + εε0V 2

2dγ
. (1)

*kmurli@iitk.ac.in

Here, θYL is the macroscopic contact angle of the droplet
shape at equilibrium corresponding to V, an externally applied
voltage. In addition, θe is the intrinsic equilibrium contact
angle of the liquid relative to the surface, ε and d are the
relative permittivity and the thickness of the dielectric layer
respectively, γ is the liquid-air surface tension, and ε0 is per-
mittivity of free space. Further, it is expected that the charge
redistribution occurs on a timescale of a few microseconds,
leading to uniform potential distribution within the droplet.

Equation (1) is derived under the consideration of a perfect
liquid conductor, smooth and homogeneous dielectric with
permittivity equal to that of the surrounding liquid. The edge
formed at the contact line is considered as an infinite planar
wedge. Maxwell’s stresses are taken to be distributed close to
the contact line over a distance of order d and vanish rapidly
beyond this region at the liquid-vapor interface. Thus, within
a distance of O(d ), interface curvature balances the Maxwell
stress distribution and the droplet shape matches Young’s
contact angle at the wall [7,8]. The interface shape follows the
one predicted by the Young-Lippmann contact angle beyond
a length scale of d/ε [7].

Figure 1(a) shows the configuration of a conducting liquid
drop placed over a textured surface with a dielectric coating
with the surrounding medium being air. The final shape of the
drop under an electric field is shown by a thick line with θYL
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FIG. 1. (a) Schematic of the experimental setup. Over the ITO-
coated glass, there is a dielectric layer of PDMS further coated with
FluoroPel. The initial droplet shape is shown in blue with an equilib-
rium contact angle of θe. After applying the electric field, the drop is
shown by a thick line with θYL as the macroscopic Young-Lippmann
contact angle (boxed inset). A vertical wire of 0.07-mm diameter
inserted into the drop serves as the ground electrode, whereas the
top surface of ITO-coated glass serves as the actuated electrode.
(b) Contact angle saturation (CAS) is observed when the applied
voltage exceeds ∼200 V. (c) Variation of normalized spreading with
time at various applied voltages. Beyond saturation, oscillations are
set up during spreading. Normalization refers to the ratio of the
instantaneous footprint diameter and the initial wetting diameter.

as the contact angle. As discussed in Ref. [9], finite hysteresis
of the surface can cause the experimentally determined equi-
librium contact angle (θ f ) at various voltages to differ from
the Young-Lippmann value.

Equation (1), with V identified as the initial applied volt-
age, has been applied even during the spreading phase of the
drop provided the ground wire continually remains in contact
with the droplet. The transient evolution of the drop shape
and the instantaneous footprint radius has been addressed in
recent years by various researchers [10–13] where the Young-
Lippmann contact angle is treated as the equilibrium limit.
The effect of droplet volume and viscosity on spreading dy-
namics in an electric field has also been studied [9].

Drop spreading using EWOD has several applications in
thermal management [14,15], water harvesting [16], self-
cleaning [17], and digital microfluidics [18]. For patterned
surfaces, it enhances the process capability by switching the
wetting transition between Cassie and Wenzel states [19,20].
It has significant advantage in handling biological samples
and reagents because of the absence of moving parts [18].

In spite of having several applications [21–25], EWOD-
based technology is limited by contact angle saturation (CAS)
[5,26,27]. This phenomenon relates to limits in increasing
wettability beyond a certain voltage, consequently restricting
the use of Eq. (1). Beyond the saturation level, the experi-
mental value of the macroscopic contact angle starts deviating

from the Young-Lippmann equation. For a water droplet of
volume 6.5 μl placed on a FluoroPel-coated surface, contact
angle saturation was seen to occur at around 200 V in the
present work, as shown in Fig. 1(b). Oscillations induced in
the drop beyond the saturation voltage are shown in Fig. 1(c)
in terms of the normalized spreading parameter.

Several studies in the literature have addressed CAS
[26,28–30] with a focus on experiments related to equilibrium
shape attained in the postsaturation regime. Li et al. [31]
show reduction in the saturation contact angle when charge
trapping at the liquid-air interface is reduced. For a short
duration, the instantaneous contact angle reaches a minimum
and increases during contact line retraction. On reversal of
voltage, contact angle diminishes again below its previous
value. Vo et al. [32] examined the capillary wave propagation
in an experiment where a water droplet is surrounded by
silicone oil and the external voltage exceeds the CAS limit.
The strength of the capillary wave is seen to increase with
voltage. Experimentally, the initial spreading is seen to follow
the Young-Lippmann theory for applied voltages even beyond
the saturation limit.

In addition to the CAS mechanism, the dynamics of elec-
trowetting in relation to surface texture has not been fully
addressed. Several authors have included the model of hys-
teresis in the wall boundary condition [10,11]; however,
its consequences at higher voltages is not understood. In
addition, the presence of a ground electrode disturbs the hy-
drodynamics within the droplet during spreading by forming
an extra three-phase contact line over it. In this connection, the
effect of the ground wire can be minimized by working with
a wire of small diameter, an approach followed by Vo et al.
[32]. Further, drop spreading in air has numerous challenges
related to three-phase contact line motion [7] since localized
pinning sites act as energy barriers over the dry substrate. As
a result, interfacial waves are formed and distort the drop-
spreading process. Contact angle hysteresis on heterogeneous
surfaces arises from contact line trapping, specifically over
the groove parallel to the contact line [33]. Dwivedi et al.
[34] considered local pinning and frictional losses during
spreading over textured surfaces varying from hydrophilic to
superhydrophobic. The model developed accounted for con-
tact line pinning that resulted in late-stage droplet oscillations.
Schneemilch et al. [35] studied steady contact line motion in
electrowetting over a smooth cylindrical surface at nanoscale
resolution.

The present study is intended to address the challenges in
spreading over a textured surface in the EWOD framework
when the surrounding fluid is air. The spreading factor, in-
stantaneous contact angle distribution, and drop shapes are
investigated. Numerical simulations are presented ahead of
and beyond the CAS limit of an applied DC voltage. The
applicability of the Young-Lippmann equation is investigated
in these contexts. In addition, the effect of the position of the
ground wire is examined in relationship to interfacial capil-
lary waves at voltages beyond the saturation limit. EWOD
experiments are performed first over a hydrophobic coating
of FluoroPel, while PDMS is used as the dielectric layer.
Secondly, experiments are carried out over a bare PDMS
surface to bring in local energy barriers related to surface
heterogeneity.
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FIG. 2. (a) Interface shape of the drop is illustrated at 263 V when FluoroPel is used as the thin hydrophobic layer over PDMS. In the
first and second rows, first image has a time stamp of 0.267 ms, and consecutive frames are separated by 0.133 ms. The third row shows the
spreading regime with a time separation of 0.667 ms. (b) Shape of the water drop placed over the PDMS-coated ITO glass in the advancing
(left) and the receding (right) motion of the ground wire when the power supply is turned off. (c) Close-up of the air-water interface over the
ground wire for advancing (left) and receding (right) motion. The contact angles in the advancing and the receding phases of the three-phase
contact line formed over the wire were measured to be 78 ± 3º and 64 ± 3º, respectively.

II. EXPERIMENT APPARATUS

The experiment setup developed in the present work is
schematically shown in Fig. 1(a). An aqueous solution of
0.1 M KCl in distilled deionized water is prepared. A liquid
drop, 6.5 ± 0.5 μl in volume, is placed over the chosen surface
using a micropipette. Experiments are performed at a con-
trolled room temperature of ∼20 ± 0.4 °C. The small amount
of salt addition does not change the thermophysical prop-
erty of the water droplet. Specifically, density is 998 kg/m3,
viscosity 1mPa s, and surface tension coefficient in air is
0.072 N/m. The dielectric layer of PDMS having a relative
permittivity of 2.76 and dielectric thickness of ∼9.4 μm is
coated onto indium-tin-oxide (ITO)-coated glass. ITO coating
is connected to the positive terminal of the DC power supply.
The copper wire of 0.07-mm diameter is inserted inside the
drop that serves as the ground electrode and connected via the
negative terminal of the power source. The entire assembly is
kept along with a goniometric setup to utilize its horizontal
and antivibration bench as well as to keep the ground wire
straight. The imaging technique utilizes a high-speed camera,
Photron-FASTCAM SA-3 with a frame rate of 7500 frames
per second (fps), carefully aligned to record the spreading
process. A 200-mm Nikon zoom lens is used to magnify the
droplet. In selected experiments, the frame rate was 6000 fps
to enable a longer video. Electrowetting experiments have
been conducted with a FluoroPel-coated hydrophobic surface
as well as a bare PDMS surface.

The PDMS coating is prepared with its base material
(liquid PDMS) and the curing agent in a 10:1 ratio. After
degasification, it is poured onto the ITO-coated glass in a spin
coater. First, a ramp of 500 rpm is set for 10 s, followed by 20 s
of rotation at this speed. The second ramp up to 3000 rpm lasts
∼30 s and is held constant for 360 s. The ITO-coated glass
with a further coating of PDMS is placed in an oven for 1 h
at 100 °C. Using an optical profilometer, the resulting coating

thickness was found to be ∼9.4 μm. The coating procedure of
FluoroPel 1601V on the PDMS is discussed elsewhere [34].
The Field Emission Scanning Electron Microscope images of
the textured surfaces are included in the Supplemental Mate-
rial, Fig. S1 [36]. Ahead of the electrowetting experiment, the
substrate thus prepared is cleansed using ethanol.

Voltage is turned on after ensuring that flow disturbances
within the drop have subsided. Specifically, velocities are set
up during placement of the drop over the surface by the pipette
and insertion of the ground wire. The latter alters the inter-
facial shape of the drop itself at equilibrium (Video S1–S5
in the Supplemental Material [36]). Figure 2(a) shows a time
sequence of drop shapes attained in a typical electrowetting
experiment when FluoroPel is used as a hydrophobic layer
over PDMS. With increase in voltage, a thin film localized
at the wire is also to be seen, third row of Fig. 2(a). The
wire characterization is carried out during slow insertion and
withdrawal process with respect to the drop, thus measuring
the advancing and receding contact angles [Fig. 2(b)] with the
equilibrium value corresponding to the midphase. Since the
ground wire and the liquid droplet are practically at zero
voltage, additional spreading arising from electrowetting of
the ground wire is neglected.

The time duration of the imaging experiments is ∼3 s.
The recorded images are analyzed in MATLAB® to retrieve
the footprint of the droplet and the interface shape. Here, the
Sobel edge-detection algorithm is used. The pixel resolution
of the camera in each of the two directions is ∼17.5 μm
per pixel. A Savitzky-Golay smoothing filter helps in locating
the droplet shape unambiguously. For ease of image analysis,
the droplet is divided into the inner (∼200 μm), intermediate
(200–1000 μm), and outer (>1000 μm) regions with adequate
constraints of continuity. The contact angle is determined by
using a quadratic fit of the droplet shape in the inner region.
In addition, the contact angle is also measured in the IMAGE

JTM software [34]. The two sets of results are consistently
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within ±3º over the range of experiments studied. However,
this approach does not yield the macroscopic dynamic contact
angle as discussed at length in Ref. [34]. Since the overall
configuration is symmetric, the contact angle reported in the
present study is the average of the left and the right contact
angles. At voltages below saturation (<200 V), the left and the
right contact angles are within ±2º of each other. With further
increase in voltage, the difference increases, specifically after
the advancing phase. For 263 V, after the first instance of the
advancing phase [Fig. 1(c), >10 ms], some measurements
show a difference of as high as 5º. These differences may
also arise due to localized pinning of the contact line; see
Sec. IV C.

The initial equilibrium contact angles of a conducting
water droplet on bare PDMS and PDMS coated with Fluo-
roPel are 106 ± 2◦ and 114 ± 2◦, respectively, as discussed
in Ref. [34]. The CA measurements reported in Fig. 1(b) at
higher voltages have been recorded under steady-state con-
ditions. To prevent secondary effects such as film formation
and evaporation, it was found important to place a liquid drop
on a fresh surface for each data point ahead of applying the
required voltage.

Uncertainty in measurements is discussed in terms of the
estimated parameters of the contact angle model in Sec. III D.

III. NUMERICAL SIMULATION

A. Numerical methodology

Spreading of a conducting water drop over a hydrophobic
substrate is simulated using COMSOL MULTIPHYSICS®, a finite-
element solver. A moving mesh module in two-phase flow that
utilizes the arbitrary Lagrangian-Eulerian (ALE) formulation
has been adopted for tracking the gas-liquid interface. With
this approach, interfacial waves as well as the three-phase
contact line motion over the substrate and the ground wire are
resolved. The governing equations are solved for velocities
and pressure in air and water in the geometry shown in Fig. 3.
Under isothermal and incompressible conditions for a Newto-
nian fluid, the equations of motion in the coordinate free form
are given as

∇ · u = 0, (2)

ρ

(
∂u
∂t

+ (u · ∇ )u
)

= ∇ · T + ρg, (3)

where T = −pI + μ(∇u + ∇uT ). Further, u represents the
velocity vector, ρ is density, and p is the pressure field. At the
gas-liquid interface, immiscibility conditions are expressed as

‖u‖ = 0, (4)

‖T‖ · n = fst , (5)

umesh · n = u1 · n. (6)

In Eqs. (4) and (5), ‖ · ‖ represents the jump condition at
the interface and n is the unit normal at the interface drawn
outward from the water droplet. Here, fst = γ (∇S · n)n −
∇Sγ is the force arising from surface tension wherein

FIG. 3. Initial and boundary conditions in the numerical simu-
lation of drop spreading in an electric field. The bottom wall is a
plane above the FluoroPel coating. The distance h0 (=0.13 mm) in
simulations is matched with experiments.

∇S = (I − nnT )∇ denotes the surface gradient operator; for
isothermal conditions, the coefficient of surface tension is
a constant and ∇Sγ = 0. Further, subscript 1 represents the
water phase and 2 is air. Including viscous terms, the normal
and tangential components of the stress continuity equation
[Eq. (5)] at the droplet-air interface can be stated in expanded
form as

n · ([−pI + μ(∇u + ∇uT )]2 · n

− [−pI + μ(∇u + ∇uT )]1 · n) = γ (∇S · n), (7)

t · ([−pI + μ(∇u + ∇uT )]2 · n

− [−pI + μ(∇u + ∇uT )]1 · n) = 0. (8)

Under equilibrium conditions, velocity components are
zero; pressure includes the gravitational contribution and
Eq. (7) reduces to the Young-Laplace equation with the drop
shape as the unknown. For initial conditions, velocity com-
ponents are zero and a zero reference pressure is included at
the pressure-point constraint node (Fig. 3). The Navier slip-
boundary condition is used at the ground wire as well as the
boundary above the FluoroPel coating over the PDMS. The
slip length is specified as half of the minimum element length
and is on the order of a few micrometers, diminishing further
with grid refinement [11]. Experiments suggest that the slip
length should fall in the nm-μm scale [37]. Such small values
cannot be resolved readily on a finite-element grid. Instead,
by connecting slip length to element size [11], simulations
are shown to be both grid- and slip-length independent with
increasing grid resolution (Sec. III C). The computational do-
main is axisymmetric, with the outer radius and height taken
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as five times the radius of the droplet defined by the spherical
cap approximation. The far-field surfaces are stipulated to
be open boundaries. The contact angle models, discussed in
Sec. III B, are specified at the contact points “1” and “2” on
the ground wire and the lower wall, respectively (Fig. 3). On
the axis of symmetry (r = 0), normal velocities and tangential
stresses reduce to zero. Further, to match experiments, the
ground wire is immersed in the drop to a distance of 0.13 mm
from the lower surface (z = 0).

In the above formulation [Eqs. (2)–(8)] for an axisymmet-
ric geometry, electrowetting is introduced mainly as a change
in the contact angle (Sec. III B). Contact angle models for
hydrophobic surfaces can be extended to account for elec-
trowetting using the Young-Lippmann equation up to the point
of saturation. The applicability of the contact angle model
beyond saturation as well as on surfaces with hysteresis is the
goal of the present work and discussed in Sec. IV A.

In an ALE simulation, triangular elements in the bulk of
the domain deform to accommodate the interface movement.
The method proposed in Ref. [38] is utilized for smoothly
deforming the mesh while following the boundary constraints;
the stiffness parameter is set as 10 for smoothing. Grid in-
dependence and validation studies for hydrophobic surfaces
before contact angle saturation are presented in Sec. III C.

B. Contact angle model

In the presaturation regime, the equilibrium contact angle
closely follows the Young-Lippmann equation and the instan-
taneous contact angle model can be written as [34]

θi = acos

[
cos θYL − ξCa

μ
− Cpin

tanh(C × Ca)

γ

]
. (9)

Post saturation, the Young-Lippmann angle is replaced by
θ f in Eq. (9), namely the equilibrium contact angle as recorded
in the present set of experiments [Fig. 1(b)]. This approach is
further discussed in Sec. IV A. For hysteretic surfaces, the pin-
ning coefficient Cpin is greater than zero and the equilibrium
contact angle departs from the presaturation value of Young-
Lippmann [Eq. (1)], and θ f beyond the saturation limit. For
uniformity in treatment, however, angle θ f is consistently used
in Eq. (9) in place of θYL, pre- and postsaturation, with the
voltage-dependent equilibrium contact angle determined from
experiments, as in Fig. 1(b). In Eq. (9), Ca is the capillary
number defined in terms of contact line velocity (ucl ), dy-
namic viscosity of the liquid droplet (μ), and the coefficient
of interfacial tension as Ca = μucl/γ . Further, ξ is the contact
line friction coefficient and C is a smoothing parameter. The
pining coefficient is defined as [34]

ucl > 0, Cpin = γ (cos θ f − cos θa) and ucl < 0,

Cpin = γ (cos θr− cos θ f ).

For ucl = 0, the pinning coefficient reduces to zero. The
selection criteria for the parameters appearing in Eq. (9) are
described in Ref. [34]. Specifically, the advancing and the re-
ceding contact angles are calculated based on the local pinning
of the contact line, as discussed in Sec. III C, and Sec. IV A.
This approach is applicable for steady as well as unsteady
contact line motion.

In the numerical simulation, Eq. (9) is adopted as the contact
angle boundary condition at “contact point 2” of the lower
wall in Fig. 3, with the Young-Lippmann contact angle re-
placed by the measured equilibrium contact angle. The liquid
movement over the ground wire is visible during the receding
phase; however, it is mostly small. Hence, at “contact point 1”
of the ground wire, Fig. 3, the simplified contact angle model
is given as

θw = acos

[
cos θew − (Cpin )

w

tanh(Cw × (Ca)w )

γ

]
. (10)

The symbols in Eq. (10) have their usual meanings, with sub-
script w representing the wire and θew the intrinsic equilibrium
contact angle of the wire surface. Equation (10) is similar to
Eq. (9) without the contact line frictional losses. The sim-
plification follows from the small wire diameter where pixel
resolution is low and the uncertainty in the measurement of the
instantaneous contact angle is large. At later times, a thin film
was formed over the wire that invalidated the contact angle
treatment. Determination of parameters of Eq. (10) is based
on the advancing and receding contact angles over the ground
wire as described in Sec. II. In contrast, the equilibrium CA of
the droplet at the ground wire (θew, Table II) is measured under
electrostatic actuation at longer times and after the oscillations
have visibly damped.

C. Validation of numerical simulation

The numerical methodology adopted in the present work
has been validated against experiments reported in the litera-
ture [9,12] and presented in Fig. 4. The simulation parameters
used in the contact angle model are summarized in Table I.
Figure 4 jointly shows the grid independence of the sim-
ulation with the increasing number of cells. The match of
simulations with experiments is seen to be quite good, both
for 60 V [Fig. 4(a)] and >60 V [Fig. 4(b)]. For Fig. 4(a),
the information related to surface hysteresis in experiments
is not provided and is a source of uncertainty. For the present
comparison, the hysteresis data are estimated from Ref. [11]
since the experimental conditions are similar in Fig. 4(a). For
Fig. 4(b), the hysteresis data are specified in the literature [9].
In the contact angle model [Eq. (9)], the contact line friction
coefficient ξ has to be specified for the chosen surface. It
is estimated by fitting the instantaneous contact angle data
against the capillary number in appropriate experiments as
described in Ref. [34]. For Figs. 4(a) and 4(b), the friction
coefficient is listed in Table I. Its value for the FluoroPel
surface at 197 V is discussed later [Fig. 5(a)] and given
in Table I. The extracted value of ξ is surface specific and
shows weak dependence on voltage for the given experimental
conditions and hydrophobic coating. Below saturation, past
work shows that contact line friction decreases with increasing
voltage [39,40]. In contrast, it is shown in Ref. [13] that
the friction coefficient remains constant for up to 700 V and
decreases beyond. For Parylene-C used in Ref. [9] [Fig. 4(b)],
Table I shows that the friction coefficient is practically inde-
pendent of the applied voltage over 80–120 V and decreases
slightly for 140 V in the advancing phase. Changes arising
from one hydrophobic surface to another can be seen in
Table I.
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FIG. 4. Validation of numerical simulation with experiments for spreading of a conducting water droplet of 5-μl volume. In (a) and (b),
experimental data are represented by symbols, while solid lines represent the numerical simulation of the present work. The hydrophobic
coating in (a) is Teflon [12], and for (b) and (c), it is Parylene-C [9]. For (a), the ground-wire diameter is 125 μm, whereas for (b), it is 80 μm.
In (c), drop shapes attained at 120 V are presented with the first row being simulations and the second row, experiments. Parameters related to
the contact angle model are listed in Table I. Experimental images in (c) have been reprinted with permission from Ref. [9].

Characterization of the ground wire is not available in
the literature [9,12]. Hence, for Eq. (10), Table II reports
parameters extracted from the present sets of experiments.
The simulations in Fig. 4(b) are barely sensitive to the
ground-wire properties at low voltages but show a slight
dependence at higher voltages when droplet oscillations are
pronounced.

As discussed in Ref. [34], hysteresis relates to the dynamic
nature of droplet spreading and cannot be determined from

quasistatic experiments. Section S3 of Supplemental Material
[36] discusses optimization for parameters when hysteresis as
well as the friction coefficient is not known. For a Parylene-
C surface [Fig. 4(b)], hysteresis in Table I is ∼12º for all
voltages, whereas the static hysteresis in Ref. [9] is stated to
be 10 ± 3º. For 60 V [Fig. 4(a)], hysteresis for the Teflon
surface in Table I is 14º, and the reported value in Ref. [11]
is 16º. Hence, in view of the interpretation of hysteresis as
a dynamic property of drop spreading over the surface, the

TABLE I. Numerical parameters used for validation of electrowetting simulations.

Cpin(N/m) Cpin(N/m) ξ (Pa s) ξ (Pa s)
θ f (°) θa(°) θr(°) ucl > 0 ucl < 0 ucl � 0 ucl < 0 C (×104)

Figure 4(a), 60 V, Teflon [12]
87 99 85 0.0148 0.0025 0.13 0.1 1.1

Figure 4(b), 80 V, Parylene-C [9]
100.8 107 95 0.0075 0.0072 0.05 0.05 1.1

Figure 4(b), 100 V, Parylene-C [9]
88 94 83.5 0.0074 0.0056 0.05 0.05 1.1

Figure 4(b) and Fig. 4(c) at 120 V, Parylene-C [9]
78 84.4 72 0.0079 0.0072 0.05 0.05 1.1

Figure 4(b), 140 V, Parylene-C [9]
73 74 63 0.0011 0.0116 0.02 0.05 1.1

Figure 5, 197 V, FluoroPel (present)
68.8 70 58 0.0013 0.0122 0.04 0.04 1.1
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FIG. 5. (a) Instantaneous CA distribution plotted as a function
of the instantaneous contact line velocity; symbols represent experi-
mental data, and the solid line represents Eq. (9) in the presaturation
regime. (b) Comparison of experimental (symbols) and simulation
(solid lines) data for spreading factor and the contact angle as a
function of time. Actuation voltage is 197 V. Uncertainty in the CA
measurement from imaging is ±2º and ±0.02 mm for the footprint
radius.

values presented in Table I differ slightly from those in the
literature [9,11].

Simulation is reported in the present work with a total of
244 024 triangular elements while resolving droplet move-
ment over the ground wire [Fig. 4(a)]. The spreading data
obtained were seen to be invariant to the choice of the num-
ber of elements varied over 187 295 to 355 390, the peak
footprint and droplet height differences being on the scale
of a few micrometers. Further, for the chosen grid (244 024
triangular elements), the slip length is below ∼1 μm. With
further grid refinement, the slip length falls below ∼0.5 μm.
Grid-independence studies simultaneously show the adequacy
of the chosen grid along with a near independence from the
specification of the slip length.

D. Validation of simulations with experiments
in the presaturation regime

Selected experiments have been carried out in the present
work in the presaturation regime for an applied voltage of
197 V. The parameters used for the contact angle model
are extracted from experimentally determined contact angle–
contact line velocity data shown in Fig. 5(a). These are listed
in Table I, last row marked FluoroPel. The comparison of
simulations with experiments is shown in Fig. 5(b), and the
agreement is seen to be quite good. The close match in
Fig. 5(b) validates the experimental procedure as well as the
choice of Eq. (9) as the contact angle model in simulations,
particularly in the presaturation regime. A similar match was
seen at other voltages for the parameters specified in Table
S3 [36]. Below saturation, θ f is found to be close to the

TABLE II. Numerical parameters for the ground wire in elec-
trowetting simulations.

(Cpin )
w

(N/m) (Cpin )
w

(N/m)
θew (°) θaw(°) θrw(°) ucl > 0 ucl < 0 Cw (×104)

72 78 61 0.0073 0.0127 1.1

Young-Lippmann value, the uncertainty band being θYL ± 3◦
while the contact angle hysteresis is 10 ± 2◦. The friction
coefficient falls in the range of 0.038 ± 0.002 Pa s while the
smoothing parameter is a constant at 1.1 × 104 for the range
of parameters studied. Beyond saturation, these parameters
differ in the advancing and receding phases, as discussed in
Sec. IV A.

IV. RESULTS AND DISCUSSION

Droplet spreading on a hydrophobic surface has been ex-
tensively studied in the literature [41,42] and more recently
by the authors [34] where a contact angle model was pro-
posed. The present study aims at understanding the spreading
dynamics under electrowetting conditions. Special interest is
directed toward spreading in the post-contact angle saturation
regime. In the first subsection, the discussion relates to a
PDMS surface coated with FluoroPel in which experimentally
recorded spreading details, CA variation, and drop shapes
are presented in relation to numerical simulation. The second
subsection includes the effect of the position of ground wire
on interface deformation. Limiting cases of the ground wire
inserted within the drop placed over the FluoroPel-coated
surface and the ground wire kept 40 μm above the apex of
the drop placed over bare PDMS are compared. The third
subsection compares experimental data at a high voltage be-
yond saturation for FluoroPel-coated and PDMS surfaces over
a longer duration.

A. Drop spreading over a FluoroPel-coated surface

Figure 6 shows the experimentally recorded contact angle
variation of a conducting water drop over a FluoroPel-coated
surface as a function of time for the first 50 ms. Actua-
tion voltages of 175, 197, and 263 V are considered for
the present discussion with 200 V being the contact angle
saturation limit. After the actuation of the electric field, the
contact angle decreases within 1 ms. Subsequent spreading is
distinct and voltage dependent; also see Fig. 1(c) for voltage-
dependent spreading of the drop. The sudden reduction in the
contact angle is the origin of a capillary wave that strength-
ens with increasing voltage, in confirmation of the work of
Vo et al. [32].

In the initial stages, Fig. 6 shows three broad trends for the
voltages studied. These relate to small contact angle changes
when the drop advances or recedes over the surface, a pinned
constant line when the contact angle rapidly increases or
decrease with time, and a long-term relaxation phase. The
third phase is increasingly delayed at higher voltages. The
changes in the contact angle along with spreading and height
oscillations are connected to the flow field within the drop
that, in turn, arises from the capillary wave initiated over the
gas-liquid interface.

At 175 V, small changes in contact angle prevail dur-
ing the time intervals of 1–5 and 10–15 ms during which
the drop spreads and retracts, respectively, as seen in the
spreading ratio plot of Fig. 1(c). The pinning regimes are
short-lived and decrease in duration at higher voltages. Mo-
mentary pinning effects can also be seen within the advancing
and receding phases of the drops. Even at low voltages,
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FIG. 6. Experimentally determined instantaneous contact angle
(CA) variation with time for a conducting water drop actuated at 175,
197, and 263 V. The PDMS dielectric layer is coated with FluoroPel.
The shaded regions in the graphs shown represent the uncertainty.

small-scale oscillations persist in the long-term relaxation
regime (>20 ms for 175 and 197 V). For an actuation voltage
(263 V) greater than the saturation value, the spreading-
pinning cycles (called “mixed” in Fig. 6) persist for a longer
time and large-scale oscillations are initiated in the relaxation
phase as well. These spreading characteristics of the drop
including long-term oscillations connect directly with the ini-
tial formation of a capillary wave [see Fig. 2(a)]. Hence, a
match between simulations and experiments requires that the
interfacial capillary wave be resolved with care. In addition,
reproducing experimental data will require setting up an ap-
propriate contact angle model.

The complexities in contact angle variation with time may
also arise because of the electrical detachment of the ground
wire with the droplet [43] during spreading. However, this
possibility is not expected to be significant in the present dis-
cussion since the ground wire is initially located well within
the drop.

Figure 7(a) shows the duration of the first pinning event as
a function of the applied voltage. Below saturation, the dura-
tion is nearly constant while it progressively decreases with
voltage beyond saturation. A constant pinning duration with
voltage suggests a predictable advancing-pinning-receding se-

FIG. 7. (a) Time duration of the first instant of pinning with
respect to the applied voltage; (b) motion of droplet over the
FluoroPel-coated surface close to the first instant of pinning at 263 V.
In (b), the first column shows pinned images of the drop before the
onset of the receding phase with the time elapsed between successive
frames being 0.4 ms. The second column shows the first receding
phase with a time separation of 0.67 ms.

quence of events that is followed by a long relaxation tail. As
the pinning duration decreases, the number of pinning events
increases, leading to long-term oscillations. The first column
of Fig. 7(b) shows an image sequence of the droplet during the
pinned phase with a practically constant footprint radius when
a small reduction in contact angle is registered (also see Fig. 6
for 263 V). A slight increase in drop height is to be noted in the
form of the wetted film at the ground wire. The second column
shows a later time sequence when the changes in contact
angle are small while the footprint diameter reduces during the
receding phase. The decrease in footprint diameter is initially
accommodated by a reduction in height at the axis and later
with a peak away from it, while at subsequent frames, the drop
height at the axis increases progressively with time. Referring
to the postsaturation regime in Fig. 6, it may also be noted
that the equilibrium contact angle after relaxation is greater
than the value predicted by Eq. (1).

For the FluoroPel-coated surface, initial pinning is less
likely to relate to the hysteretic features of the physical tex-
ture; see Ref. [34] for spreading dynamics under zero voltage
conditions. Instead, pinning can be a momentary consequence
of the balance between the interfacial capillary wave counter-
acted by the kinetic energy of the bulk of the fluid. In the long
run, both factors diminish owing to viscous effects. At this
stage, pinning solely depends upon the nanoscale surface tex-
ture and is revealed in the relaxation phase of Fig. 6. Beyond
saturation, the two factors are energized and viscous effects
are less effective, leading to long-term pinning-spreading-
oscillation cycles. In this respect, pinning of the drop over the
surface is a metastable state, soon to be destabilized by the
available energy components. As expected, oscillation ampli-
tudes increase with the magnitude of the external voltage.

Figure 8 represents the experimentally determined instan-
taneous contact angle plotted as a function of the contact
line velocity for an external voltage of 240 V. The arrows
show the spreading details of the drop starting from the initial
time instant. In the advancing phase, the instantaneous CA
decreases with a reduction in the contact line velocity; how-
ever, in the receding phase, the CA distribution shows two
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FIG. 8. Contact angle plotted as a function of contact line
velocity for the conducting droplet actuated at 240 V over a
FluoroPel-coated surface. Symbols show experimental data and the
solid line is the contact angle model, Eq. (9). Red line and symbols
represent the initial part of the spreading process (<10 ms). Blue
represents the spreading behavior after the instant of first pinning.
The direction of the arrow illustrates the progress of time for a total
of ∼24.13 ms, wherein the time instants stated are associated with the
tip of arrow head. Contact angle recovery is initiated in the receding
phase when the contact line velocity is negative (dotted circle). The
uncertainty associated with the CA measurement is ±3º at 240 V.
(Inset) Dotted black line shows contact angle variation with contact
line velocity in simulations.

distinct patterns. Soon after the retraction of the contact line
(∼9.7 ms), the contact angle functionality with contact line
velocity undergoes a transition, as shown by the dashed circle.
Thus, the data falling on the red line transform to the blue, and
the contact line motion is retarded. Subsequent motion is in
conformity with the expectations of the contact angle model.
For the postsaturation regime, spreading is possibly impacted
by charge trapping, mainly in the receding phase, as described
by Li [31]. The reduction in charge availability at the contact
line can explain the increase in contact angle initiated in the
receding phase.

In Fig. 8, the contact angle model based on pinning and
friction [Eq. (9)] matches the experimental behavior of contact
angle distribution fairly well except in the region marked by
a dashed circle, where there is a jump. The time duration
corresponding to this circle is ∼0.8 ms (beyond 9.73 ms),

where spreading undergoes the transition from red to blue,
and the contact line velocity starts to increase. After the
transition, the CA distribution is largely influenced by the
contact angle hysteresis, shown as a jump in the increase in
contact angle. The magnitude of the jump and the subsequent
evolution, primarily marked in blue, depends on the surface
properties. After ∼23 ms (beyond the advancing phase in
blue), the pinning of the contact line restricts further contact
line motion, and the drop oscillates between the maximum and
the minimum value of the contact angle. These oscillations
are bound by the jumps in the CA distribution. This trend is
unique to the postsaturation regime, while below saturation,
contact angle changes follow the red curve alone [Fig. 5(a),
197 V].

Prior to saturation, the methodology applied for the eval-
uation of parameters in Eq. (9) is identical to those used to
predict the experimental data of Fig. 5 and discussed earlier in
Ref. [34]. Following a similar approach for the postsaturation
regime, parameters for the contact angle model are derived
from Fig. 8 at an actuation voltage of 240 V. This leads to two
distinct contact angle models, one for the red curve and the
second for the blue. The form of Eq. (9) is unchanged, except
that a unique set of parameters is applicable for each stage.
The red line denotes the first phase of spreading. The mini-
mum and maximum contact angles around the pinning phase
can be associated with the advancing and receding values. The
metastable state (8.53–9.46 ms) shown by the jump in contact
angle can be used for the θ f calculation. Simulation showed
that the spreading details were insensitive to the choice of θ f

since other terms in Eq. (9) have a substantive role.
For the blue line in Fig. 8, the advancing and receding

contact angles have been adopted from the second instant of
pinning (16–19 ms). As per Eq. (9), the equilibrium contact
angle is attained by the droplet after long-time relaxation,
but the present discussion is restricted to the initial stages
(∼50 ms).

The contact line friction coefficient (ξ ) and the smoothing
parameter (C) in Eq. (9) are derived by curve fitting as in
Fig. 8 and are summarized in Table III. These are subsequently
used in the simulation of the electrically actuated drop spread-
ing over a FluoroPel-coated surface. The respective sets of
parameters for the red and blue lines are fairly independent
of voltage though depending on the nature of the surface.
However, red-to-blue transition is not predicted in the present
approach. The instantaneous contact angle data extracted from
a numerical simulation at 240 V are shown as an inset of Fig. 8
as a dotted black line.

Water drop spreading over FluoroPel with a small initial
velocity of ∼0.09 m/s has been discussed earlier by the

TABLE III. Numerical parameters used in electrowetting simulations for 240 V.

Cpin(N/m) Cpin(N/m) ξ (Pa s) ξ (Pa s)
θ f (°) θa(°) θr(°) ucl > 0 ucl < 0 ucl � 0 ucl < 0 C (×104)

Figure 8 (red); Figs. 9 and 10 at 240 V (up to the peak, ∼10 ms, postsaturation)
52 54 50 0.002 0.00195 0.036 0.036 1.1

Figure 8 (blue); Figs. 9 and 10 at 240 V (after peak, >10 ms, postsaturation)
71 82.5 61 0.014 0.0115 0.036 0.036 1.1
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FIG. 9. Spreading factor and contact angle variation with time
for a FluoroPel-coated substrate with an actuation voltage of
240 V. Symbols show experimental results while solid lines represent
numerical simulation. In experiments, the measurement uncertainty
in CA is ±3º. For the spreading factor, uncertainty in footprint
measurement is ±0.02 mm. Parameters used in the simulation are
summarized in Table III.

authors with a zero actuation voltage. The contact angle hys-
teresis accompanying the unsteady motion of the contact line
was ∼13.3º. In electrowetting experiments for 197 V (below

saturation), the hysteresis is ∼12º. Beyond saturation, a higher
hysteresis (∼21.5º) is to be seen in the receding phase (Fig. 8,
blue curve). In the advancing phase, the friction coefficients
for 0, 197, and 240 V are quite close; however, for 0 V in the
receding phase, it has a higher value (0.08 Pa s) compared to
197 and 240 V, that are quite close to each other. For 197 and
240 V, the smoothing parameter in Eq. (9) is close to its value
at 0 V.

Figure 9 compares numerical simulation with imaging ex-
periments for drop spreading in the postsaturation regime.
Here, symbols represent experimental data, and the contin-
uous line is from simulations. The match in terms of the
spreading factor as well as the instantaneous contact angle
is seen to be good. Combining Figs. 5 and 9, it is seen that
the match between simulations and experiments is good, both
in the pre-and postsaturation regimes. Thus, the comparison
is quite favorable in every regime of spreading arising from
Fig. 6. As discussed below, simulations also reveal late-time
oscillations for a stationary contact line, the metastable state
attained at the peak of the spreading factor, and the advancing
and the receding contact line motions, in accordance with
experiments.

Figure 10 compares simulated drop shapes with exper-
imental images for an actuation voltage of 240 V (see
experimental Video S2 in the Supplemental Material [36]).
The two sets of images show a good level of agreement.
However, there is a small mismatch at intermediate times
(∼9.06 ms) at the ground wire. The reason could be the

FIG. 10. Experimental images (black against a white background) and simulated data (blue against red) of instantaneous shapes attained
by a liquid drop at an actuation voltage of 240 V. Numbers accompanying the images are time instants in ms. While spreading is over a
FluoroPel-coated surface, the ground wire of diameter 0.07 mm in simulations has wetting characteristics.
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FIG. 11. Simulation of capillary wave propagation over the
water-air interface at an applied voltage of 263 V when the ground
wire is immersed in the drop. Arrow direction indicates time march-
ing (t∗ = t/τ , where τ = √

ρR3
0/γ ); further, r∗ = r/R0, and θ∗ =

θ/θe. Time instants considered are t∗ = 0.0186, 0.037, 0.056, 0.093,
0.15, 0.186, 0.223, 0.26, and 0.279, following the arrow shown. Inset
(monochrome image) represents the initial experimental condition
where the drop is placed over FluoroPel-coated surface. Its equiv-
alent image (right half of the inset) in simulation is represented by
a black line. Simulation parameters in Eq. (9) for initial spreading
(t � 1.5 ms) are ξ = 0.036 Pa s, θ f = 49.5◦, Cpin = 0.00096 N/m,
and C = 1.1 × 104; see Sec. S4 of Supplemental Material [36] for
spreading factor and contact angle variation with time.

formation of a precursor film over the ground wire in experi-
ments, while simulations treat the wire as dry at all times. The
film may form during liquid advancement over the wire fol-
lowing the advancing phase over the substrate. The presence
of the film is then felt when drop motion is pinned first and
is followed by a receding motion. In simulations, the contact
angle model is applied at the substrate and the ground wire
without reference to the film. At later times, flow transitions
such as retraction as well as recovery of contact angle have
taken place, and experiments show a slight loss of symmetry
(∼15 ms). This trend is not seen in the simulation where
an axisymmetric approximation has been adopted. However,
after 20.53 ms, the two halves of the water-air interface appear
identical relative to the ground wire, and symmetry is restored.
At much higher voltages, the ground wire plays a disruptive
role in breaking symmetry, as discussed in Sec. IV C.

Figure 11 shows numerically simulated interfacial de-
formation as a function of time when the ground wire is
immersed in the drop. Early-time instants are considered to
clearly reveal drop deformation. A polar plot representation is
shown in dimensionless coordinates, where θ∗ represents the
angular position and r∗ is the radial position of the interface
indicating the wave amplitude; see the caption of Fig. 11
for their definitions. The polar plot qualitatively reveals wave
propagation over the gas-liquid interface with an increase in
time. Since the wave amplitude damps with time [32], Fig. 11
shows time instants for which t∗ < 1, revealing

√
γ /ρR0 as

an appropriate inertia-capillary velocity scale. The initial con-
tact line velocity arising from electrical actuation should be
greater than the inertia-capillary velocity scale for a sustained

capillary wave. At 263 V considered in Fig. 11, the contact
line moves rapidly, whereas the amplitudes of selected points,
such as Q and R, follow the initial curvature of the undeformed
liquid drop. Experiment images [top row of Fig. 2(a)] show
that the second negative curvature at point R is not visible
during early times. With time advancement, the amplitude of
the capillary wave increases and propagates toward the apex.
At the tail of the wave (θ∗ ∼ 0.014), the wetting condition
of the ground wire damps the wave amplitude. Examining
the time instants considered in Fig. 11, it is seen that surface
deformation progresses rapidly along with the interface with
the ground wire serving as a pinned end (t∗� 0.223). The
correlated motion of points such as P, Q, and R confirms a
wavelike behavior of the interface during spreading.

B. Effect of the axial position of the ground wire

In the previous section, the ground wire was inserted deep
within the drop, covering ∼94% of the initial drop height.
For a wire whose surface has wetting characteristics, Fig. 10
shows that the drop moves over the wire and has an impact
on flow distribution and interface deformation. In addition,
wire position alters electrohydrodynamic forces, specifically
Maxwell’s stresses, that are responsible for electrowetting.
Previously, Baret et al. [43] studied oscillations of an aqueous
drop placed over a hydrophobic coating in an oil environment.
The ground wire was kept inside the drop at a fixed height
from the substrate. The authors reported stable drop oscilla-
tions between the attached and the detached condition of the
wire with respect to the drop. At the instant of detachment,
Maxwell’s stresses reduce to zero at the contact line, and the
macroscopic contact angle reduces, under limiting conditions,
to Young’s contact angle. Thus, wire position plays an im-
portant role in the dynamics of electrowetting. In the present
section, interface deformation in the form of capillary waves
is discussed for a wire that has a separation of 40 μm from the
apex of the drop (Fig. 12). It is further compared with Figs. 2
and 11 at 263 V where the wire is initially immersed in the
drop. Since the surface hysteresis does not play a role in the
initial time instants, experiments in Fig. 12 have been carried
out over a PDMS surface.

For an initially detached ground wire (Fig. 12), electric-
field actuation causes first a slight change in the drop shape.
Electrostatic forces lead to the droplet just touching the
ground wire, as shown in Fig. 12(a). For a good conductor,
the charge relaxation time (εε0/σ ) of ions inside the drop is
small (∼μs) as compared to the spreading timescale (ρ
2/μ)
of fluid motion [44]. Thus, following contact between the apex
of the drop and the wire, spreading is initiated at the substrate
[see Fig. 12(b)] before 0.5 ms. Spreading can also be seen
in Fig. 12(c) from 0 to 0.167 ms. Electrostatic attraction at
the apex of the drop does not last long, and at 0.33 ms in
Fig. 12(c), the wire gets detached. There is a time lag of one
frame between the detached condition at the ground wire and
the movement at the substrate [Figs. 12(b) and 12(c)], the time
difference between the two frames being 0.167 ms. Postde-
tachment, contact angle relaxation is slow and is expected to
depend on the uniformity of the dielectric surface [43]. In the
present study, the contact line is pinned after wire detachment,
and the contact angle relaxes in a duration on the order of
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FIG. 12. Experimentally determined capillary wave propagation for a noncontacting ground wire when the drop is actuated with 268 V
over PDMS that serves as the dielectric as well as hydrophobic coating. The initial distance between the ground wire and the top of the apex of
the drop is ∼0.04 mm. (a) Drop shapes recorded before −7 and −0.5 ms of electrostatic actuation are shown; (b) variation of spreading factor
(black line with open circles) and contact angle (blue line with open diamonds) with time; and (c) experimental images of the evolution of the
capillary wave during attached and detached condition of the droplet with the ground wire. In the top row, each frame is provided with inset
indicating possible contact of the wire and apex of the drop. The measurement error in footprint radius using pixel count is within ±0.02 mm,
and uncertainty in contact angle measurement is ±3º.

milliseconds until the drop touches the wire [Fig. 12(b)]. The
frequent contact and loss of contact of the drop with the wire
in the early stages affects charge distribution, leading to lower
spreading relative to the FluoroPel-coated surface. This is a
point of difference from Fig. 11, where the wire is consistently
immersed in the drop. Beyond 0.167 ms, the wire is detached
from the drop; the original contact angle-related curvature is
regained until about 2 ms. This regime, encircled in green in
Fig. 12(b), shows a near-constant spreading factor.

Early spreading [Fig. 12(c), from 0.67 to 2.167 ms] also
supports a capillary wave at the interface that alters curvature
from negative when the drop attaches to the wire to positive
when the two are detached. After 2.0 ms in Fig. 12(c), inter-
face curvature causes the droplet-wire contact, and spreading
equivalent to Fig. 11 commences. Specifically, the contact
angle decreases, followed by an increase in the spreading
factor.

There is a point of difference between the capillary wave
propagation for immersed and detached ground wires. In the
latter, the drop intermittently touches the wire, causing the

interface deformation to be a superposition of multiple capil-
lary waves independently initiated at various time instants; see
Fig. 12(c) from 2.83 to 6 ms and the multimedia view (Video
S4 [36]). Referring to the green circles in Fig. 12(b), spreading
is arrested under detached conditions while advancing, and
receding motions are realized when the two are in contact.

C. Spreading over a FluoroPel-coated surface compared
with bare PDMS in the postsaturation regime

At high voltages, internal hydrodynamics in the drop be-
comes strong; the ground wire is repositioned, leading to three
dimensionality. In this context, experimental results of spread-
ing at 263 and 268 V are discussed for FluoroPel [Fig. 13(a)]
and bare PDMS [Fig. 13(b)]. See Video S3 for FluoroPel
and Video S5 for PDMS in the Supplemental Material [36].
Both surfaces have spatially uniform microstructure down to
a nanoscale resolution (Fig. S1 [36]). Further, for PDMS,
the contact angle hysteresis is higher [34]. De Gennes [33]
described how surface heterogeneity and hysteresis distort the
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FIG. 13. Experimental images of drop shapes seen on (a) FluoroPel and (b) PDMS for a ground-wire diameter of 70 μm. Parts (c) and
(d) are schematic drawings of drop motion in the advancing and receding phases, respectively, while (e) is receding motion after the thin film
at the ground wire is crossed. Blue represents the liquid-air interface and the green circle is the energy barrier of the surfaces. Arrows and their
length are related to direction and velocity magnitude, respectively. (f) Variation of spreading factor with time for the PDMS substrate when
the applied voltage is 268 V; spreading radius has the measurement error of ±0.02 mm.

liquid-gas interface emanating from the contact line, consis-
tent with Video S3 and Video S5.

Figures 13(a) and 13(b) show that the movement of the
three-phase contact line and liquid-air interface are quite un-
even in space and time. Over FluoroPel, the left and the right
contact points move jointly in the advancing phase [Fig. 2(a)].
Fig. 13(c) is a schematic representation of the advancing
contact line moving over a hysteretic substrate when it hits
the energy barrier, shown as a shaded green circle. Such a
blockage is frequent over PDMS, causing a breakdown in
axisymmetry.

Figure 13(d) schematically shows the drop receding over
the lower substrate. The prewetted film at the ground wire
facilitates a smooth motion of the local contact line. At the
substrate, contact line motion is intermittent for PDMS, as
seen in Fig. 13(b) (13.33 to 17.5 ms). The contact line motion
is retarded, and the bulk of the liquid is pushed radially in-
ward. The uneven shape of the interface also creates a pressure
imbalance inside the drop. Therefore, an oscillatory phase is

initiated [after 17.5 ms, Fig. 13(b)] until the internal distur-
bances are dissipated by viscosity.

For a low-hysteresis surface such as FluoroPel, the contact
line at the wire crosses the prewetted film and meets the
dry surface, as shown in Fig. 13(e). The shape of the liquid-
gas interface near the wire changes from convex to concave
[Fig. 13(a), 11.2–15.33 ms]. However, for PDMS, this change
is not seen because of higher hysteresis. The contact line is
pinned after ∼17.5 ms [Fig. 13 (b)] at the substrate, and the
one at the wire does not reach the dry surface. This trend for
PDMS is shown in Fig. 13(f) in terms of the spreading factor.

D. Future prospects

For a FluoroPel-coated surface, numerical results obtained
from the proposed contact angle model show good agreement
with the experimentally recorded instantaneous drop shapes
(Fig. 10) and the spreading factor (Fig. 9). The contact angle
model of the present work does not include contact angle

045111-13



RAGHVENDRA KUMAR DWIVEDI AND K. MURALIDHAR PHYSICAL REVIEW E 106, 045111 (2022)

transition seen in Fig. 8 in the receding phase. It is related
to the charge-trapping phenomenon [31], particularly in the
postsaturation regime, and should be considered in future
analysis. At higher actuation voltages even beyond saturation
(>200 V), the shapes of the contact line and the liquid-vapor
interface are seen to be uneven, particularly in the receding
phase. At lower voltages (�240 V, Fig. 10), spreading is less
distorted, and axisymmetric simulation should be acceptable.
For higher voltages (>260 V), 3D simulation is needed to
resolve the details of drop shape and motion. This approach
will be considered in the future. With a contact angle model
such as Eq. (9), the match is expected to be weak for a bare
PDMS surface. For PDMS, the surface is hysteretic, namely,
it has a distribution of pinning sites that should be known in
advance for modeling. Hence, simulations will be specific to
a chosen surface.

V. CONCLUSIONS

Spreading of a conducting water droplet over a textured
substrate in the presence of a DC electric field has been
studied via experiments and simulation. The external voltage,
contact angle hysteresis, and the location of the ground wire
are independent parameters while the movement and defor-
mation of the liquid-gas interface and the three-phase contact
line are subjects of investigation. In simulations, the geometric
configuration of spreading is taken to be axisymmetric. A
FluoroPel-coated PDMS surface and a bare PDMS surface
have been compared. Numerical simulations have been car-
ried out using a contact angle model developed earlier by the
authors with corrections arising from the electric field. Simu-
lations show a good agreement with experiments over a wide
range of voltages, before and after contact angle saturation.
Here, the comparison is in terms of the instantaneous footprint
radius, drop shape, and the instantaneous contact angle.

Ahead of the contact angle saturation, experiments show
that contact line spreading is symmetric with respect to the
position of the ground wire. The instantaneous contact angle
increases with contact line velocity when it is positive and
decreases for negative contact line velocity, namely, for a
retracting contact line. The instantaneous contact angle ap-
proaches the equilibrium value given by the Young-Lippmann
equation as the liquid drop relaxes to zero velocity. This trend
is in conformity with normal spreading seen in both exper-

iments as well as simulations, in the absence of an electric
field. Beyond the point of saturation, there is a change in the
overall spreading pattern. Contact angle saturation gives rise
to two distinct distributions of contact angle with contact line
velocity—one before the start of retraction and the second
after retraction. It should be contrasted with the presaturation
contact angle behavior, where advancing and receding contact
angles are strongly correlated with velocity, with additional
corrections needed for the pinning sites.

The present study shows that the form of the contact angle
model is unchanged with respect to voltage. Below saturation,
the model parameters are uniquely determined. Spreading at
zero voltage is qualitatively similar to presaturation spreading
with a fairly similar set of parameters. Postsaturation spread-
ing is characterized by two sets of model parameters though
the form of the model itself is unchanged. With this approach,
the experimental trends are correctly reproduced by numerical
simulation. In view of the formation of capillary waves, the
ground wire plays an important role in spreading. The capil-
lary wave propagated over the liquid-gas interface reaches the
ground wire causing substantial shape distortion in this region.
The extent of impact of the ground wire depends on its size
and wetting properties. Introducing a contact angle model for
wire in simulations improves the match with experiments. For
a hydrophilic wire, a thin film is formed over it in experiments
that, in turn, is not realized in simulations.

For a noncontacting ground wire above the apex of the
droplet, distinct structures of the liquid-vapor interface are
observed. With a spacing of 40 μm, a crest reaches the apex
by a wave that is initiated at the contact line over the substrate.
As a result, electrical contact between the droplet and the wire
is restored. Multiple events of contact and loss of contact lead
to capillary waves of distinct phase and amplitude, and the
interface deformation seen is a superposition of these waves.

Beyond saturation, the contact line motion over bare
PDMS, a hysteretic substrate, is quite uneven compared to
one of low hysteresis (FluoroPel-coated PDMS). The con-
tact line is pinned at specific sites, nucleating unsymmetrical
spreading and uneven dynamics of the liquid-vapor interface.
The resulting contact line motion is intermittent. It is ex-
pected that the parameters of the contact angle model for such
surfaces will have to be recovered from 3D simulation that
includes the details of surface texture and is a topic for future
work.
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