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Abstract: The ability to manipulate a liquid meniscus using electrowetting has many applications.
In any electrowetting design, at least two electrodes are required: one forms the field to change
the contact angle and the other functions as a ground electrode. The contribution of the ground
electrode (GE) to the dynamics of electrowetting has not yet been thoroughly investigated. In this
paper, we discovered that with a bare ground electrode, the contact angle of a sessile drop increases
instead of decreases when a direct current (DC) voltage varying from zero to the threshold voltage
is applied. This phenomenon is opposite to what occurs when the GE is coated with a dielectric,
where the contact-angle change follows the Lippmann–Young equation above the threshold voltage of
electrowetting. However, this behaviour is not observed with either a dielectric-coated electrode using
direct current (DC) or a bare ground electrode using alternating current (AC) voltage electrowetting.
This study explains this phenomenon with finite element simulation and theory. From previous
research work, the ground electrode configuration is inconsistent. In some studies, the ground
electrode is exposed to water; in other studies, the ground electrode is covered with dielectric. This
study identified that an exposed ground electrode is not required in electrowetting. Moreover, this
research work suggests that for applications where precise control of the contact angle is paramount,
a dielectric-coated ground electrode should be used since it prevents the increase in the contact angle
when increasing the applied potential from zero to the threshold voltage. This study also identified
that contact angle hysteresis is lower with a Cytop-coated ground electrode and DC voltage than
with a bare ground electrode using AC or DC voltages.

Keywords: electrowetting on dielectric; Debye double layer; liquid-liquid interface; contact-angle change

1. Introduction

Electrowetting is used in several applications, such as micro-drop generation, mixing
and splitting [1,2], high-speed droplet actuation [3,4], chip cooling [5], drug release and
clinical diagnosis [6,7], e-paper and electronic display [8,9], energy harvesting [10], solar
indoor lighting [11], optics and beam steering [12,13]. In most electrowetting studies,
the primary focus has been to observe the drop deformation and contact-angle change
when the applied voltage is varied. At least two electrodes are required to provide the
potential difference.

Electrowetting on dielectric (EWOD) can be described using the Lippmann–Young
equation, which is given by:

cos θR = cos θY +
ε0εrV2

2dγLV
(1)

The final contact angle, θR, depends on the initial contact angle, θY, the applied voltage,
V, the interfacial tension between the liquid and the surrounding fluid (gas or immiscible
liquid), γLV , the relative permittivity of the material, εr, the permittivity of free space, ε0,
and the thickness, d, of the insulating layer.
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With respect to electrode position, electrowetting on dielectrics can be categorised into
three different design formats: (a) sessile-drop electrowetting, (b) co-planar electrowetting,
and (c) parallel-plane electrowetting, as shown in Figure 1. In sessile-drop electrowet-
ting [14] (Figure 1a), a drop sits on a dielectric, hydrophobic layer that covers the bottom
electrode. A negative potential is applied to the bottom electrode, and the positive terminal
is connected to the ground electrode that is inserted from the top. In co-planar electrowet-
ting, no ground electrode is inserted into the liquid. Instead, at least two electrodes are
patterned on the bottom surface and coated with dielectric layers. With the application of a
voltage, the sessile drop sitting on top of the electrode–dielectric layers deform. In a study
of co-planar electrowetting [15] (Figure 1b), the ground electrode at the centre of the bottom
plane was exposed to water, whereas the other electrodes were coated with dielectric and
hydrophobic layers. In parallel plane electrowetting, two electrodes are positioned opposite
and parallel to each other [16] (Figure 1c). From the above examples, the requirement of
the ground electrode is ambiguous, as, in some studies, the ground electrode is exposed to
water, and in other studies, the ground electrode is covered with dielectric.

Figure 1. Design types and configurations in recent studies on electrowetting (a) sessile-drop elec-
trowetting. Adapted from [14], (b) co-planar electrowetting. Adapted from [15], (c) parallel electrode
electrowetting. Adapted from [16].

An analysis of these designs identifies a gap in understanding how the ground elec-
trode affects the electrohydrodynamic behaviour of the liquid in electrowetting and the dif-
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ferences in electrowetting performance when using a bare ground electrode or a dielectric-
coated ground electrode. This study aimed to identify whether a bare ground electrode
needs to be exposed to the working liquid (water) in electrowetting. This study analysed
and determined how the ground electrode affects the electrohydrodynamic behaviour of
the liquid during electrowetting. Furthermore, the electrowetting performance (in rela-
tion to the contact-angle change) using a bare ground electrode was compared with that
using a dielectric-coated ground electrode. Finally, the study analysed and compared the
performance of DC and AC electrowetting.

To achieve this, in Section 2, we first present the theoretical model of dipole wa-
ter molecule’s charge dynamics and electrical field concentration during electrowetting
phenomena, followed by the experimental methods and materials used in this study in
Section 3 and the experiment results in Section 4. Section 5 represents the simulation model
for understanding the physics behind the experiment results. Subsequently, Section 6 pro-
vides a detailed discussion of the experimental results, co-relating them with fundamental
physics and simulation outcomes. Finally, Section 7 provides a brief conclusion on the key
findings of this research study.

2. Theoretical Background on Dipole Water Molecule’s Charge Dynamics and Electric
Field Concentration in Electrowetting

The electromechanical approach of electrowetting explains the dipole water molecule’s
charge dynamics and electric field concentration in electrowetting. Several studies [17–20]
have used this approach and associated equations to explain electrowetting phenomena. In
this study, we also used the same approach and related equations.

Water is predominantly used as the working fluid in electrowetting devices. The
surrounding medium can be air, oil, or another immiscible electrolytic solution [21]. When
an electric field is applied to a sessile drop in an electrowetting experiment, the dipole
molecules of water tend to align themselves with the electric field. A torque arises on the
dipole molecule, which tries to align it with the applied electric field. The torque of the
dipole molecules in an electric field is defined as:

τ = p× E (2)

where p is the dipole moment, E is the electric field, and ‘×’ denotes their cross product. The
dipole molecules are randomly oriented in a dielectric liquid such as water. The dielectric
polarisation is described as,

D = ε0(1 + xe)E = ε0E + P = ε0εrE = εE (3)

Here, D is the electric displacement and P is the polarisation density. Additionally,
xe is the electric susceptibility and is defined as the tendency for a dielectric material to
polarise in an applied electric field.

The polarisation density P is the vector field that defines the density of a dielectric
medium’s permanent or induced dipole moment. For a unit volume dv and dipole moment
dp, the polarisation density is defined as:

P =
dp
dv

(4)

The relationship between bound charge density ρb and polarisation density P is:

ρb = ∇ · P (5)

The polarisation density P is related to the electric field E as follows:

P = ε0xeE (6)
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Since a dielectric liquid with an applied electric field acts similarly to a conductor [17],
the resultant tangential component of the electric field is zero and expressed as:

[E · t]oi = 0 (7)

Here, t denotes the unit vector tangential to the interface. The square brackets signify
the jump in the interface obtained by subtracting the value of the inner phase with the
notation i from that of the outer phase with the notation o (as shown in Figure 2).

Figure 2. Electric field and force jump outwards, normal to the liquid surface.

There is an outward jump in the electric field displacement (electric flux density) equal
to the free surface charge per unit area at the interface:

[εE · n]oi = σes (8)

Here, n denotes the unit vector perpendicular to the interface (as shown in Figure 2)
and σes is the free surface charge per unit area at the interface. The Poisson equation in a
dielectric medium is given by:

∇ · (ε∇ϕ) = −ρe (9)

Here, ρe is the volume charge density and∇ϕ the scalar electrostatic potential gradient.
The Maxwell electric force f, which describes electrokinetic phenomena, is represented in
the Korteweg–Helmholtz force density:

f = ρeE−
1
2
∇
(

ε− ρ
∂ε

∂ρ

∣∣∣∣
T

)
E · E (10)

The first term on the right side of Equation (10) represents the Coulomb force due to
the volume charge density ρe. The second term on the right side of this equation has two
components. The first component represents the gradient of permittivity at the interface,
which occurs due to the inhomogeneity of permittivity of the two different mediums at the
interface. The second component denotes the gradient of permittivity by the gradient of
the density of the liquid. For an incompressible fluid, this component can be omitted from
the equation.

Considering Equations (3) and (9) for an incompressible liquid, we can rewrite
Equation (10) as follows:

f = (∇·D)E− 1
2

E·E∇ε (11)

Equation (11) can also be written as:

f = ∇ ·
[

εEE− 1
2

ε(E·E)I
]

(12)
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Here, I denotes the second-order isotropic tensor. Equation (12) can be expressed as
the divergence of a tensor:

f = ∇ · TM (13)

Therefore, the Maxwell stress tensor is written as:

Tik = ε0ε

(
EiEk −

1
2

δikE2
)

(14)

where E2 corresponds to
∣∣E2
∣∣ and δik is the Kronecker delta function; δik = 0 if i 6= k and

δik = 0. Here, i and k denote the x and y coordinate directions. By integrating Equation (13),
we obtain the force acting on an elementary volume dV. This force is also the same as that
obtained from integrating the momentum flux density or the Maxwell stress tensor on the
surface of the volume dV. Using the Gauss divergence theorem, we can identify the total
force on the body:

F =
∫
V

fdV =
∫
V

∇ · TMdV =
∫
S

n · TMdA (15)

The applied electric potential generates this body force F, which in turn deforms the
liquid and changes the contact angle, and the process called electrowetting occurs. In this
study, the equations above were used to model the electric field in a sessile drop to predict
the force.

3. Materials and Methods

To answer the questions posed in the introduction section, sessile-drop electrowetting
experiments were conducted. Deionised water was used as the liquid for the sessile drop
with an electrical conductivity of 10−6 S/cm. As shown in Figure 3, a sessile drop was
placed on top of the hydrophobic–dielectric layer. These layers are coated on a transparent
ITO (indium tin oxide) electrode layer on top of the glass substrate. In most of the sessile-
drop electrowetting studies, such as in [22,23], the bottom planar dielectric-coated ITO
electrode is used as the working electrode, and the wire which is inserted into the sessile
drop is used as the ground electrode. We followed the same method as used in standard
sessile-drop electrowetting studies. A conductive contact pad was used to connect the ITO
with the negative terminal of the power supply. A thin ground wire (100 µm) was inserted
into the liquid, and the other end of the wire was connected to the positive terminal of the
power supply. Electrowetting occurred when a voltage potential was applied to the circuit,
and the sessile drop spread on the surface. A goniometer’s camera captured the image of
the sessile drop, and the SCA20 software derived the contact angle.

Figure 3. Experimental setup for sessile-drop electrowetting.

In sessile-drop electrowetting, an oil ambient can avoid any effect of evaporation and
reduce contact angle hysteresis. However, there is a problem with using an oil ambient
for the sessile-drop electrowetting test. During the wetting and de-wetting process of an
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oil ambient sessile drop, a thin oil layer can be entrapped between the sessile drop and
dielectric surface. This oil film can be µm thick and can create contact line instability. When
electrowetting occurs, this thin entrapped oil film can break up periodically and form
small oil droplets. This contact line instability and the formation of small oil droplets is
termed spinodal de-wetting. Several studies [8,24] have noted the spinodal de-wetting
problem when oil is used as the second medium or as an ambient medium surrounding
water. This problem can be avoided when air is used as the ambient medium. With air as
the surrounding medium, the water drop is directly on the hydrophobic–dielectric-coated
electrode surface, and because of this reason, this study avoided the use of oil as the
ambient medium surrounding the water. Furthermore, the experiments were done rapidly
to minimise evaporation.

To fabricate the sessile-drop electrowetting surface, a 100 nm ITO layer was first
deposited on top of a glass substrate using electron-beam deposition. After this, the ITO
layer was annealed at 450 ◦C for four hours to improve its adhesion to the glass surface
and increase its electrical conductivity. As a dielectric material, a 100 nm thick Al2O3 layer
was deposited by atomic layer deposition (ALD) on top of the ITO layer. In addition,
some studies [14,25] have suggested that a two-layer dielectric-hydrophobic material can
reduce defects and help to prevent dielectric breakdown. They have also stated that an
inorganic first layer with an organic-hydrophobic second layer increases the breakdown
voltage limit. In recent studies [26,27], Cytop (an organic hydrophobic material) has shown
better performance in electrowetting because of its high breakdown voltage compared to
other hydrophobic-dielectric materials. Therefore, Cytop was chosen as the hydrophobic
material to be deposited on the Al2O3 dielectric layer in this study.

Additionally, to improve the adhesion of Cytop to the Al2O3 layer, an adhesion
promoter solution was used. This solution was prepared by mixing 0.1% amino silane
agent to a mixture of ethanol (95%) and deionised (DI) water (5%). After the adhesion
promoter was spin-coated, a 4% Cytop 809 solution was spin-coated and then baked to
produce the 100 nm thick Cytop layer.

The experimental study conducted sessile-drop electrowetting with a bare ground
wire and a Cytop-coated ground wire. For the latter, the same procedure was followed to
coat a ground wire with Cytop. In this study, AC and DC voltage were used separately
to change the contact angle in sessile-drop electrowetting. Only the positive part of the
sinusoidal curve was used for the positive AC voltage electrowetting experiment. Only the
negative part of the sinusoidal curve was used for the negative AC voltage electrowetting
experiment. Additionally, a high frequency was used to avoid vibration of the sessile
drop [23,28]. A 10 kHz AC voltage was generated using a function generator and a custom-
made high-frequency transformer. The function generator supplied high-frequency positive
or negative waveform AC voltage, and the transformer amplified the output.

4. Results

Several experiments were conducted to investigate the ground electrode’s contribution
to the electrowetting phenomenon. First, this study investigated how the contact-angle
changed in sessile-drop electrowetting with a DC voltage supply and a bare ground
electrode compared to a Cytop-coated ground electrode. The contact-angle change in
sessile-drop electrowetting with both DC and AC voltage was also examined, with the
main aim being to determine whether the contact-angle change in electrowetting differed
with a change in the type of applied voltage.

Figure 4a shows the contact angle in sessile-drop electrowetting with a bare ground
electrode and a DC power supply. The graph presents the contact angles in both positive
and negative potential in forward electrowetting (increasing voltage) and backward elec-
trowetting (decreasing voltage). Each data point in the graph represents the average of
repeated data sets, and error bars were calculated using the mean standard deviation for
each measurement. There are two error bars at each data point, one for increasing voltage
(red colour) and another for decreasing voltage (dark blue colour). Additionally, the theoret-



Micromachines 2023, 14, 348 7 of 22

ical contact-angle curve presented in the graph was calculated using the Lippmann–Young
Equation (1). A similar procedure was followed in Figure 4b,c. As seen in Figure 4, an
interesting phenomenon was observed during this experiment, which, to the author’s
knowledge, has not so far been noted in any previous research studies. According to the
Lippmann–Young Equation (1), in sessile-drop electrowetting, the liquid drop spreads on
the dielectric layer’s surface, and the contact angle gradually decreases with increasing
voltage. Experimentally, this change in contact angle usually occurs beyond the threshold
voltage of electrowetting. The value of the threshold voltage depends on the properties
of the dielectric material, such as the dielectric constant and the thickness of the dielectric
layer. As shown in Figure 4a, in this study, as the voltage gradually increased from 0 V to
5 V, the contact angle also gradually increased. The error bar (mean standard deviation)
at 5 V was 3.25◦. During the experiment, the voltage was increased at 1 V increments.
However, the contact angle measurement was taken at 5 V to complete the experiment
quickly and avoid the drop’s evaporation. According to this equation, the contact angle
should decrease with increasing voltage, as was observed from 5 V onwards. As shown in
Figure 4a, 5 V can be considered the threshold voltage for these electrowetting experiments,
since electrowetting phenomena were observed to occur beyond this value. From 10 V
onwards, the contact angle was in close agreement with the theoretical contact-angle value,
and it reached 73◦ (average) at 25 V (Figure 4a).

Similar behaviour was observed when the voltage was gradually reversed (as shown
in Figure 4a). The contact angle at 25 V was then initially 73◦ (average) at 25 V. It returned
to 109◦ (average) at 5 V and then sharply dropped to 93◦ (average) at 0 V. As revealed
in Figure 4a, the contact angles of the sessile drop were different at the beginning of the
experiment and at the end when the voltage returned to 0 V. This may be because the
sessile drop evaporated during the forward and backward electrowetting in the experiment
since evaporation is known to cause a reduction in the contact angle [29,30]. According
to the Lippmann–Young theory, let us consider the contact angle of 93◦ at 0 V during the
reversed electrowetting experiment. The contact angle should gradually return to this
value from 73◦, not increase to 109◦ at 5 V, and then drop down to 93◦. Similar phenomena
were also observed when the negative potential was applied to the bottom ITO electrode,
gradually increasing, and then reversed. The negative potential experiment was started
after completing the positive potential forward and reverse electrowetting experiment.
Because of the time delay, there was evaporation of the water droplet, and the contact
angle was subsequently different at 0 V. The experimental data shows that an extra upward
force on the droplet from the ground electrode pulled the sessile drop upward (this is not
considered in the Lippmann–Young equation). Figure 4a also indicates a hysteresis of 6◦

between 10 V and 20 V.
Figure 4b shows the contact-angle change in sessile-drop electrowetting with a Cytop-

coated ground electrode and DC voltage supply (both the positive and negative potential).
When this electrode was used, no unusual behaviour was observed during forward and
reverse voltage electrowetting in the range of 0 to 5 V, as shown in Figure 4a. From Figure 4b,
it can be noted that the threshold voltage of this experiment was also 5 V, beyond which
the contact angle decreased sharply with increasing voltage. From 0 V to 5 V, there was
a small change in contact angle. Furthermore, during the reverse voltage electrowetting,
no upward or downward change in contact angle was observed as the voltage moved
from the threshold to 0 V and vice versa, as seen in Figure 4a. Figure 4b also reveals
that the hysteresis was negligible from the threshold voltage of 5 V to 20 V. The contact
angle was reduced by 4◦ during reverse electrowetting when the voltage returned to 0 V.
This may be due to the evaporation of the sessile drop during the experiment. Similar
contact-angle changes were also observed with the Cytop-coated ground electrode when
the electrowetting experiment was conducted with a negative DC potential at the bottom
ITO electrode.
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Figure 4. Sessile-drop electrowetting with (a) DC voltage and the bare ground electrode, (b) DC
voltage and Cytop-coated ground electrode, and (c) AC voltage and the bare ground electrode.

The sessile-drop AC electrowetting experiment used a bare ground electrode to inves-
tigate how the contact-angle change differed between AC and DC actuation. As shown in
Figure 4c, with AC voltage, a slight decrease in contact angle from 0 to 5 V was detected,
and the contact-angle change was more evident when the voltage was increased to 5 V
or higher. From these experimental data, 5 V can be marked as the threshold voltage of
electrowetting. This value is consistent with the previous electrowetting experiments in
Figure 4a,b. In sessile-drop AC electrowetting experiments with a bare ground electrode,
no similar change in contact angle was seen as the voltage rose from zero to the threshold
voltage, as observed before with the bare ground electrode and DC voltage supply. A simi-
lar statement can be made for the reverse electrowetting experiments with a bare ground
electrode and AC voltage supply (Figure 4c). Finally, it is evident from the experimental
results (Figure 4c) that the contact angle in sessile-drop electrowetting followed a trend
similar to the theoretical curve. Figure 4c also indicates that a contact-angle hysteresis of an
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average of 3◦ was observed with the bare ground electrode and AC voltage supply. In com-
paring Figure 4a–c, it can be noted that the hysteresis of the contact angle was the least with
the Cytop-coated ground electrode in sessile-drop DC electrowetting. Less hysteresis was
witnessed in AC electrowetting than in DC electrowetting with the bare ground electrode.
A similar contact-angle change was also observed when the electrowetting experiment was
conducted with negative potential at the bottom ITO electrode.

According to the Lippmann–Young equation, the electric potential at the triple-phase
contact line plays a vital role in electrowetting, irrespective of the polarity of the applied
voltage. Figure 4 shows that similar electrowetting results were obtained from both the
positive and negative potential. This outcome agrees with the studies of [8,31], which state
that the contact-angle change in electrowetting is independent of the polarity of the applied
potential. If there is any difference in contact-angle change with the applied potential, that
may be related to the preferential charge absorption of the dielectric material. As noted
in the studies [32,33], the dependence of the extent of wetting on the electrode polarity is
most likely related to the preferential absorption of hydroxide ions (OH−).

Figure 5 compares the contact-angle change in sessile-drop electrowetting with a bare
ground electrode and forward DC voltage, a bare ground electrode and forward AC voltage,
and a Cytop-coated ground electrode and forward DC voltage. As observed, the contact
angle increased as the voltage increased from zero to the threshold voltage of 5 V in DC
electrowetting with a bare ground electrode, whereas the contact angle remained the same
or slightly decreased with the Cytop-coated ground electrode and DC voltage, and with
the bare ground electrode and AC voltage. Furthermore, the contact-angle change was
less in AC electrowetting (average of 27◦) than in DC electrowetting (where the average
contact-angle change was 34◦ with both bare and Cytop-coated ground electrodes).

Figure 5. Comparison of sessile-drop electrowetting with a bare ground electrode and forward DC
voltage, a bare ground electrode and forward AC voltage, and a Cytop-coated ground electrode and
forward DC voltage.

Figure 6 presents images of the sessile drop in the forward- and reverse-voltage
electrowetting experiments with a bare ground electrode and DC voltage, a Cytop-coated
ground electrode and DC voltage, and a bare ground electrode and AC voltage. As reported
in the Figure 6, in the DC electrowetting experiment with the bare ground electrode, the
contact angle increased from 105◦ at 0 V to 111◦ at 5 V, whereas in the other electrowetting
experiments, the contact angle gradually decreased. Similar phenomena were observed
during the reverse-voltage electrowetting experiments.
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Figure 6. Contact-angle (CA) of the sessile drop in electrowetting with DC-bare ground electrode,
DC-Cytop-coated ground electrode and AC-bare ground electrode. Time increases from top to bottom
with the voltage increasing and then decreasing.

In the following sections, the simulation study and theoretical framework are pre-
sented to aid the understanding of the experimental results.

To test the switching speed of the sessile drop, an electrowetting experiment was
conducted by repeatedly switching the applied voltage from 0 V to 25 V. The voltage was
changed at 2 s intervals. Figure 7 shows the contact-angle change as a function of time
for several voltage cycles from 0 to 25 V DC in a bare ground sessile-drop electrowetting
experiment. From the graph, it is evident that the sessile drop response was fast.

Figure 7. The contact-angle change as a function of time for several voltage cycles from 0 to 25 V DC
in a bare ground sessile-drop electrowetting experiment.

5. Simulation of the Electric Field

Simulations were carried out to understand the experimental results presented in the
previous section. The primary objective of these simulations was to determine how the elec-
tric potential and electromotive force develop in a sessile drop with a bare ground electrode
and a dielectric-coated ground electrode when the drop acts as a leaky dielectric [34,35] or
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as a pure conductor. The commercial software COMSOL Multiphysics 5.2 was used, and in
the electric field simulations water is assumed to be a continuum. The simulation does not
consider the molecular dynamics of the dipole molecules of water and the formation of a
Debye double layer. Therefore, they represent only the macroscopic electric field simulation
results. In the simulation model, the laminar two-phase flow and level set method were
used to model the liquid’s interface shape. The software’s electrostatic module was used to
calculate the associated electric field with the applied electric potential.

Figure 8a presents the boundary conditions of the simulation model. An axisymmetric
geometry was used in the simulation to represent water, air, the ground electrode, the
bottom electrode, and the dielectric material. Figure 8b shows the coordinate system for
plotting the electric field magnitude and integration calculations of the resultant force on
the dielectric and ground electrode surfaces.

Figure 8. (a) Boundary conditions of the simulation study, (b) coordinate system for plotting the
electric field magnitude and integration calculations of the resultant force on the dielectric and ground
electrode surfaces.

5.1. Bare Ground Electrode Exposed to a Sessile Water Drop

To determine how the electric potential develops when the sessile drop acts as a leaky
dielectric and when it acts as a pure conductor, two separate simulations were conducted.
In both simulations, the parameters were the same except for the permittivity of water.
In the first simulation, the value of the relative dielectric permittivity of water was set as
80 [36]. In this simulation, the thin permittivity gap (TPG) boundary condition was defined
only for the bottom electrode. The TPG boundary layer was defined as a dielectric layer
with a dielectric constant of 3.5 (equivalent dielectric constant of Al2O3 and Cytop layer
together as fabricated) and dielectric thickness of 200 nm. Figures 9a, 10a, 11a,b and 12a
show the surface plot of electric potential (V), electric field lines (red arrow lines), and
resultant force lines (black arrow lines) as according to Equation (15). Figure 9 illustrates
that with a relative permittivity of 80, water acted as a leaky dielectric using an applied
voltage of 4 V. This condition represents voltage below the threshold when the dielectric
molecules of water gradually align themselves to the electric field. Figure 9a shows a
voltage gradient across the water drop due to the drop’s leaky-dielectric behaviour. In this
scenario, the macroscopic electric field forces were evident on the surface of the ground
electrode. There was a concentration of upward force component at the triple-phase contact
line of the sessile drop on the ground electrode surface. Figure 9b shows the electric field
magnitude on the ground electrode surface and the bottom dielectric surface when water
was a leaky dielectric. The electric field magnitude was higher on the ground electrode
surface than on the bottom dielectric surface, except at the triple-phase contact point
on this layer. There was an electric field concentration on top of the ground electrode
at the triple-phase contact point. As seen, the electric field magnitude was maximum
at the starting point of the arc line on top of the ground electrode. However, the net
force on the water found by integrating the electromotive force along the ground surface
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electrode surface (2.1 × 106 N/m2) was higher than that on the bottom dielectric surface
(1.3 × 104 N/m2).

Figure 9. (a) Electric field simulation considering water to be a leaky dielectric, with a bare ground
electrode exposed to a sessile water drop and 4 V applied to the bottom electrode covered with a
dielectric. (b) The electric field magnitude on the ground electrode surface and the bottom dielectric
surface, considering water to be a leaky dielectric (4 V applied to the bottom electrode).

In the second scenario with a bare ground electrode, the simulation considered wa-
ter to be a conductive liquid (with dissolved salt, for example) with a very high relative
permittivity of 1 × 105. A potential of 6 V was applied to the bottom electrode. This condi-
tion represents a scenario beyond the threshold voltage of this electrowetting simulation,
considering the threshold voltage was 5 V. Figure 10a displays the result of this simulation.
As expected, there was no voltage drop through the water and thus no electric field in the
water drop. The electric field lines emanated from the surface of the sessile drop. Thus,
the electric field was concentrated at the triple contact point, and a higher electric field
force was observed at the triple contact point, as indicated by the black arrows. Hence, this
simulation correctly described the behaviour of the sessile drop in electrowetting beyond
the threshold voltage because, beyond the threshold voltage, the dipole molecules aligned
themselves with the electric field, and the liquid acts as a conductor. The forces were then
sufficient to cause the observed electrowetting phenomenon. Figure 10b shows the electric
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field magnitude on the ground electrode surface and the bottom dielectric surface when
water was a conductive liquid. The electric field magnitude over the ground electrode
surface was lower than that at the triple contact point on the bottom dielectric layer. Addi-
tionally, according to the simulation, the electromotive force integration over the arc line
on the bottom dielectric surface was considerably higher (2.2 × 108 N/m2) than that over
the arc line on the ground electrode surface (119 N/m2). Therefore, the simulation showed
that when water acted as a conductive layer, a larger resultant force acted on the bottom
dielectric layer, which spread the liquid droplet over the surface of this layer.

Figure 10. (a) Electric field simulation considering water to be a conducting liquid, with a bare ground
electrode exposed to a sessile water drop and 6 V applied to the bottom electrode covered with a
dielectric. (b) Electric field magnitude on the ground electrode surface and the bottom dielectric
surface, considering water to be a conducting liquid (6 V applied to the bottom electrode).

5.2. Dielectric-Coated Ground Electrode

To compare and understand the experimental results, simulations were conducted
with a dielectric-coated ground electrode. In this set of simulations, the TPG boundary
layer was defined both on top of the bottom electrode and on top of the ground electrode.
The TPG boundary layers were defined as a dielectric layer with a dielectric constant of
3.5 and a dielectric thickness of 200 nm. Figure 11a presents the results of the simulation
with 4 V applied to the bottom electrode and water considered to be a leaky dielectric (with
an electric permittivity of 80). These parameters represent a scenario of electrowetting
below the threshold voltage. Figure 11b shows a magnified image of the vertical-force
component direction at the sessile-drop–ground-electrode interface. As shown in both
these figures, the electric field force on the liquid-dielectric interface pushed the sessile
drop downward along the dielectric-coated ground electrode surface.
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Figure 11. (a) Electric field simulation considering water to be a leaky dielectric and a dielectric-
coated ground electrode exposed to a sessile water drop, with 4 V applied to the bottom electrode
covered with a dielectric. (b) Magnified view of the simulation result representing the vertical
force component (the black arrow line) on the ground electrode. (c) Electric field magnitude on the
dielectric-coated ground electrode surface and bottom dielectric surface.



Micromachines 2023, 14, 348 15 of 22

Figure 11c shows the electric field magnitude on the dielectric-coated ground electrode
surface and the bottom dielectric surface. As according to the simulation results in Figure 11,
the electric field magnitude and the electromotive force were both higher on the dielectric-
coated ground electrode surface (3.5 × 105 N/m2) than on the bottom dielectric surface
(9620 N/m2) when water was a leaky dielectric, and 4 V was applied to the bottom
electrode. However, the macroscopic electric field simulation of Figure 11c showed that
the vertical-electromotive-force component (Fz) on the surface of the dielectric coated
ground acted downward compared to upward, which was the case with a bare ground
electrode. Figure 12 displays the result of the simulation with a dielectric-coated ground
electrode when water was a conducting liquid with a relative permittivity of 1 × 105.
A 6 V was applied to the bottom electrode, representing a scenario of electrowetting
beyond the threshold voltage. As seen in the figure, there were voltage drops both at the
bottom dielectric surface and the dielectric-coated ground electrode surface, but no voltage
gradient through the water droplet. Additionally, it can be noted that the electric field
magnitude was high at the triple-phase contact point on top of the bottom dielectric layer.
The simulation identified that when water was a conducting liquid, the electromotive force
integration on the bottom dielectric surface was considerably higher (1.18 × 108 N/m2)
than that on the dielectric-coated ground electrode surface (2.37 × 105 N/m2).

Figure 12. (a) Electric field simulation with water considered to be a conducting liquid, a dielectric-
coated ground electrode inserted into a sessile water drop, and 6 V applied to the bottom electrode
covered with a dielectric. (b) Electric field magnitude on the dielectric-coated ground electrode
surface and bottom dielectric surface.
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If water was considered as charged ions, it behaved similar to a pure conductor,
showing very little or no leaky dielectric behaviour, as there were distinct differences
between leaky dielectric liquid and ionic liquid [37]. The simulation with charged ions
showed results as in Figures 10 and 12 but did not show results as in Figures 9 and 11.
A detailed simulation with ionic liquid may require electrochemistry [37] and molecular
dynamic simulation [38].

6. Discussion
6.1. Debye Double Formation and Contact-Angle Change in DC Electrowetting with a Bare
Ground Electrode

In electrowetting, when a voltage is applied to a water drop, a local electromotive
force develops, which creates a thin polarised layer of opposite ions on top of the ground
electrode. This layer is known as the Debye double-layer. The surface charging and classical
theory of Debye double layer formation on the metal surface can be found in Chang and
Yeo [39]. Due to the leaky dielectric behaviour of water, a Debye double-layer quickly forms
on the metal surface of the bare ground electrode as the voltage increases from zero to
the threshold voltage. Because of this, a charge concentration develops at the triple-phase
contact line on the surface of the bare ground electrode, which in turn creates an electric
field concentration and hence an electric field force that causes the water on the bare ground
electrode to rise.

Figure 13a presents the schematic of the increase in contact angle of the sessile drop
in the range of 0–5 V. As shown in the figure, from the 0 to 5 V range, the sessile drop
rises upon the ground electrode and the contact angle increases on top of the bottom
dielectric-electrode-coated surface.

Figure 13. (a) Increase in contact angle of the sessile drop in the range of 0–5 V. (b) Dipole charges at
the contact line of the sessile drop (when water acts as a conducting liquid).

Figure 14 presents the sessile drop images at 0 V and 5 V. It is evident from the
sessile drop images that the contact angle increased instead of decreasing for the voltage
increase from zero to 5 V. Figure 14 also shows the schematic of the Debye double-layer
formation on the bare ground electrode, which accounts for the contact angle increase in
that voltage range.

Additionally, in this voltage range, the Debye double-layer continues to form on the
dielectric layer [40,41]. Because of this, the electric field force at the triple contact line on the
ground electrode is stronger than that on top of the dielectric layer on the ground electrode.
Even though the simulation mentioned previously did not account for Debye double-layer
formation, the electric field propagated through the sessile drop caused a potential gradient
through the liquid. A macroscopic electromotive force concentration developed on the
surface of the ground electrode (Figure 9). The associated electric field force created a
resultant upward force along the surface of the ground electrode in the voltage range of
zero to the threshold voltage. This study suggests that the upward force along with the
Debye double-layer electromotive force (not simulated here), lifts the drop, increasing the
drop’s contact angle on the dielectric layer, as observed experimentally.

As the voltage increases above 5 V, dipole molecules align themselves with the applied
electric field. As a result, a strong electromotive force F is generated at the triple-phase
contact point on the bottom dielectric surface [17]; see Equation (15). A Debye double-
layer also exists on top of the ground electrode. As shown in Figure 13b, more charge
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accumulates at the triple contact line on top of the dielectric material than on the triple
contact line of the ground electrode, due to the contact area of the liquid on the dielectric
material being larger than that on the ground wire. Hence, a higher force is exerted at
the triple contact line on the dielectric material than that at the triple contact line on the
ground electrode, and the liquid drop spreads over the dielectric layer surface. This state
of the liquid drop is characterised by a voltage equal to or more than the threshold voltage
of electrowetting. During this time, water acts as a pure electric conductor. As shown in
Figure 14, the dipole molecules are aligned, and an electric field concentration develops
at the bottom triple-phase contact point. The simulations also validate this assumption,
as with high-electric permittivity, water acts as an electric conductor, and the electric field
force is concentrated at the triple contact point at the bottom dielectric-electrode layer,
as shown in Figure 10a. In the electrowetting experiments conducted in this study, the
threshold voltage of electrowetting was 5 V.

Figure 14. Experimental images and schematics describing the physics of sessile-drop electrowetting
with the bare ground electrode and increasing DC voltage.

Kang [17] suggested that the sessile drop acts as a pure conductor, and the electric field
jumps emanate from the drop’s surface. However, the present study indicates that Kang’s
assumption of water being a purely conductive liquid is not satisfied during the process
of the water drop transforming from a leaky to a pure dielectric. This study postulates
that all the molecules of the water drop align themselves with the electric field at the
threshold voltage of electrowetting. Historically, the threshold voltage has been defined as
the voltage at which the sessile drop in electrowetting experiments begins to spread on the
dielectric surface. From zero to the threshold voltage, the polar molecules gradually align
themselves with the electric field, the electric resistance decreases, and the liquid acts as an
electric conductor.

6.2. Contact-Angle Change in DC Electrowetting with a Cytop-Coated Ground Electrode

In the electrowetting experiments with a Cytop-coated ground electrode and DC
voltage (Figures 4b and 5), the phenomenon of the contact angle increasing (as detected
in the electrowetting experiment with the bare ground electrode and DC voltage) was not
observed as the voltage increased from zero to the threshold voltage. Two factors define
the behaviour of the sessile drop interface on the ground electrode in electrowetting, (a) the
macroscopic electromotive force magnitude and direction, (b) the formation of the Debye
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double-layer. Figure 11 presents the results of the macroscopic electric field simulation
considering water to be a leaky dielectric, with a dielectric-coated ground electrode and
an applied voltage of 4 V. As seen, a downward electromotive force was exerted to the
water interface on the dielectric-coated ground surface. Therefore, no upward force pulls
the sessile drop over the ground surface. Although not simulated, this study suggests that
the threshold voltage increased on the ground electrode because the metal surface of the
ground electrode is covered by a dielectric layer. Therefore, there is a lack of strong bound
Debye double-layer electromotive force on top of the dielectric-coated ground electrode,
to pull the water droplet on top of the dielectric-coated ground electrode from zero to
threshold voltage of electrowetting. This lack of strong bound Debye double-layer on
dielectric-coated ground electrode for voltage range 0 V to 5 V (threshold voltage) is shown
in the schematic of Figure 15. The sessile drop images at 0 V and 5 V also depict that
the contact angle did not increase as in the sessile drop experiment with the bare ground
electrode and DC voltage (noted in the previous section). This explanation is also supported
by the experimental results, as shown in Figures 5 and 15.

When the dipole molecules of water align themselves with the applied electric field,
the water acts as a conducting liquid, and the electric field is concentrated at the triple-phase
contact line on the bottom dielectric surface. This is evident from the simulation results
shown in Figure 12. Thus, the force on the water adjacent to the bottom electrode spreads
the sessile drop and decreases the contact angle. This electric field concentration on the
bottom dielectric layer from 5 V to 25 V is also shown in the schematic in Figure 15.

Figure 15. Experimental results and schematic describing the physics of sessile-drop electrowetting
with the dielectric-coated ground electrode and increasing DC voltage.

The experimental studies also demonstrate that an exposed bare-ground electrode is
not required for electrowetting to occur. In fact, electrowetting also occurs with a dielectric-
coated ground electrode.

6.3. Contact-Angle Change in AC Electrowetting with a Bare Ground Electrode

In the experiment with a bare ground electrode and AC voltage, a high frequency
(10 kHz) was used to create a steady contact-angle change. To form a stable Debye double-
layer, the applied frequency must be lower than the inverse of the charging time of the
double-layer [42]. The applied frequency (10 kHz) provides only 0.1 ms, whereas the
study [43] suggests that it requires seconds to charge a Debye double-layer. Therefore,
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given the directional change and high frequency of the applied AC voltage, this study
suggests that a stable and strongly bound Debye double-layer may not exist on a bare
ground electrode in AC voltage electrowetting. As shown in Figures 5 and 6, the contact
angle did not increase as the voltage increased from zero to the threshold voltage (5 V) and
decreased from the threshold voltage onwards in this experiment.

6.4. Hysteresis of Contact Angle

In DC electrowetting with a Cytop-coated ground electrode, lower hysteresis was
witnessed compared to that in DC and AC electrowetting with a bare ground electrode.
In a study by Liu et al. [31], Cytop showed the best sensitivity with respect to contact-
angle change with an applied voltage, among various fluoropolymer dielectric materials
such as Parylene C, polydimethylsiloxane (PDMS) and self-assembled monolayers (SAMs).
Because of the dielectric layer on the ground electrode, there was no upward macroscopic
electromotive force on the ground electrode surface; instead, a downward force existed, as
seen in the simulation result in Figure 11. Additionally, because of the dielectric layer on
top of the ground electrode, this study suggests that the Debye double-layer formation was
delayed. Therefore, there was no upward force to contribute to the hysteresis of the contact
angle while reducing the applied voltage. As a result, the hysteresis decreased with the
Cytop-coated ground electrode in DC electrowetting. This finding provides a new solution
to the problem of hysteresis in electrowetting.

Moreover, the hysteresis was lower in AC than in DC electrowetting, in agreement
with a previous study [8]. One of the reasons for the hysteresis of contact-angle change
in electrowetting is the charge injection into the dielectric layer during the electrowetting
process, which would be reduced with an AC voltage.

6.5. Comparison of Contact-Angle Changes in AC and DC Electrowetting

Figure 5 reveals that the contact-angle change was lower in AC electrowetting than in
DC electrowetting. In DC electrowetting, the charge concentration consistently increases
at the triple contact line with increasing voltage, whereas, in AC electrowetting, there is
a charge relaxation time due to the alternating character of the AC voltage supply. In
this research work, only the positive side of the alternating voltage cycle in AC was used,
and the voltage alternated between zero and the applied voltage. Because of this, each
cycle had a charge relaxation time when the voltage dropped to zero, which accounts for
lower charge concentration. Verheijen and Prins [44] noted the charge relaxation time and
associated less charge concentration in AC electrowetting. Hence, the charge concentration
was not as high during AC electrowetting as during DC electrowetting, which may account
for the lower contact-angle change in AC than in DC electrowetting.

7. Conclusions

This study investigated the phenomenon of contact-angle change as the voltage
changes from zero to the threshold voltage with a bare ground electrode in DC elec-
trowetting, which, to the authors’ knowledge, had not been observed in prior research.
The investigations in this study thoroughly examined the role of the ground electrode in
electrowetting and explained the physics of the threshold voltage of electrowetting. Based
on the experimental investigation, theoretical explanation, and simulation realisation, the
conclusions of this study can be summarised as follows.

A bare ground electrode is not necessary in electrowetting, and electrowetting can
also occur with a dielectric-coated ground electrode.

In DC electrowetting with a bare ground electrode, dynamic behaviour is observed as
the voltage increases from zero to the threshold voltage that does not follow the Lippmann–
Young equation in this range. It is understood that from zero to the threshold voltage, water
behaves as a leaky dielectric. From the threshold voltage onwards, it behaves mostly as a
conductor and follows the Lippmann–Young equation. As such, Kang’s [17] assumption
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that the electric field line jumps out from the surface of the sessile drop is valid only beyond
the threshold voltage.

The formation of a Debye layer and the leaky-dielectric behaviour of the water drop
creates an upward force on the drop on the bare ground electrode as the voltage rises
from zero to the threshold voltage in DC electrowetting. However, this phenomenon is not
observed in AC electrowetting with a bare ground electrode because the high frequency and
alternating direction of AC voltage do not allow a stable Debye double-layer to be formed.

Similarly, with a Cytop-coated ground electrode, this phenomenon is not observed be-
cause the Cytop dielectric properties prevent the formation of a strongly bound Debye layer
on the ground electrode as the applied voltage increases from zero to the threshold voltage.

For applications where precise control of the contact angle is required, this study sug-
gests that a dielectric-coated ground electrode should be used since it prevents the contact
angle from changing dynamically as the voltage rises from zero to the threshold voltage.

The contact-angle change was less in AC than in DC electrowetting. This phenomenon
may be related to the lack of a constant charge concentration at the triple contact line in AC
electrowetting in contrast to DC electrowetting.

The contact angle hysteresis is lower with a Cytop-coated ground electrode and DC
voltage than with a bare ground electrode using AC or DC voltages. Furthermore, the bare
ground electrode exhibits less hysteresis in AC than in DC electrowetting. These findings can
help researchers solve the contact-angle hysteresis problem in electrowetting applications.

Author Contributions: Conceptualization, I.K. and G.R.; methodology, I.K.; software, I.K.; vali-
dation, I.K. and G.R.; formal analysis, I.K.; investigation, I.K.; resources, G.R.; data curation, I.K.;
writing—original draft preparation, I.K.; writing—review and editing, I.K., S.C. and G.R.; visualiza-
tion, I.K., S.C. and G.R.; supervision, S.C. and G.R.; project administration, G.R.; funding acquisition,
G.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: There is no external data. All experimental data are contained in the
result section.

Acknowledgments: The authors express sincere gratitude and thanks to the Australian government
for ‘Australian Government Research Training Program Scholarship’, the Australian Renewable
Energy Agency (ARENA) funded Micro Urban Solar Integrated Concentrators (MUSIC) Project, and
Professor Robert and Josephine Shanks for the ‘Professor Robert and Josephine Shanks Scholarship’
for the 1st author to study for a PhD at RMIT University.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sagar, N.; Bansal, S.; Sen, P. Open-Chip Droplet Splitting in Electrowetting. Adv. Mater. Interfaces 2022, 9, 2200240. [CrossRef]
2. Mugele, F.; Duits, M.; Van Den Ende, D. Electrowetting: A versatile tool for drop manipulation, generation, and characterization.

Adv. Colloid Interface Sci. 2010, 161, 115–123. [CrossRef] [PubMed]
3. Xu, S.; Yuan, B.; Hou, Y.; Liu, T.; Fu, J.; Liu, J. Self-fueled liquid metal motors. J. Phys. D Appl. Phys. 2019, 52, 353002. [CrossRef]
4. Lee, S.; Lee, D.; Choi, M.; Chung, S.K. AC EWOD-induced asymmetric droplet oscillation and manipulation. Sens. Actuators A

Phys. 2022, 347, 113910. [CrossRef]
5. Zhang, Z.; Wang, X.; Yan, Y. e-Prime—Advances in Electrical Engineering, Electronics and Energy A review of the state-of-the-art

in electronic cooling. e-Prime—Adv. Electr. Eng. Electron. Energy 2021, 1, 100009. [CrossRef]
6. Naseri, E.; Van Beek, A.; Ahmadi, A. Colloids and Surfaces A: Physicochemical and Engineering Aspects Application of

electrowetting on dielectric (EWOD) in drug release control and release-on-demand. Colloids Surf. A Physicochem. Eng. Asp. 2022,
654, 130131. [CrossRef]

7. Jain, V.; Dwivedi, R.K.; Muralidhar, K. Closed EWOD-based low-cost portable thermal detection system for point-of-care
applications. Sens. Actuators A Phys. 2022, 346, 113831. [CrossRef]

8. You, H.; Steckl, A.J. Lightweight electrowetting display on ultra-thin glass substrate. J. Soc. Inf. Disp. 2013, 21, 192–197. [CrossRef]
9. Lu, Y.; Tang, B.; Yang, G.; Guo, Y.; Liu, L.; Henzen, A. Progress in Advanced Properties of Electrowetting Displays. Micromachines

2021, 12, 206. [CrossRef]
10. Adhikari, P.R.; Tasneem, N.T.; Reid, R.C.; Mahbub, I. Electrode and electrolyte configurations for low frequency motion energy

harvesting based on reverse electrowetting. Sci. Rep. 2021, 11, 5030. [CrossRef]

http://doi.org/10.1002/admi.202200240
http://doi.org/10.1016/j.cis.2009.11.002
http://www.ncbi.nlm.nih.gov/pubmed/20004880
http://doi.org/10.1088/1361-6463/ab1e30
http://doi.org/10.1016/j.sna.2022.113910
http://doi.org/10.1016/j.prime.2021.100009
http://doi.org/10.1016/j.colsurfa.2022.130131
http://doi.org/10.1016/j.sna.2022.113831
http://doi.org/10.1002/jsid.169
http://doi.org/10.3390/mi12020206
http://doi.org/10.1038/s41598-021-84414-3


Micromachines 2023, 14, 348 21 of 22

11. Thio, S.K.; Jiang, D.; Park, S.Y. Electrowetting-driven solar indoor lighting (e-SIL): An optofluidic approach towards sustainable
buildings. Lab Chip 2018, 18, 1725–1735. [CrossRef] [PubMed]

12. Khan, I.; Rosengarten, G. Simulation of an electrowetting solar concentration cell. In Proceedings of the SPIE—The International
Society for Optical Engineering, San Diego, CA, USA, 9–13 August 2015; Volume 9559.

13. Cheng, W.; Liu, J.; Zheng, Z.; He, X.; Zheng, B.; Zhang, H.; Cui, H.; Zheng, X.; Zheng, T.; Gnade, B.E.; et al. Adaptive optical beam
steering and tuning system based on electrowetting driven fluidic rotor. Commun. Phys. 2020, 3, 25. [CrossRef]

14. Khan, I.; Castelletto, S.; Rosengarten, G. Deposition method and performance of SiO2 as a dielectric material for beam steering
electrowetting devices. Mater. Res. Express 2018, 5, 076304. [CrossRef]

15. Berthier, J.; Dubois, P.; Clementz, P.; Claustre, P.; Peponnet, C.; Fouillet, Y. Actuation potentials and capillary forces in electrowet-
ting based microsystems. Sens. Actuators A Phys. 2007, 134, 471–479. [CrossRef]

16. Krupenkin, T.; Taylor, J.A. Reverse electrowetting as a new approach to high-power energy harvesting. Nat. Commun. 2011, 2, 448.
[CrossRef]

17. Kang, K.H. How electrostatic fields change contact angle in electrowetting. Langmuir 2002, 18, 10318–10322. [CrossRef]
18. Jones, T.B.; Fowler, J.D.; Chang, Y.S.; Kim, C.J. Frequency-based relationship of electrowetting and dielectrophoretic liquid

microactuation. Langmuir 2003, 19, 7646–7651. [CrossRef]
19. Ho, M.C.; Kang, Y.C.; Chen, R. Driving and controller design of digital microdroplet. In Proceedings of the NEMS 2011—2011 6th

IEEE International Conference on Nano/Micro Engineered and Molecular Systems, Kaohsiung, Taiwan, 20–23 February 2011;
pp. 547–550. [CrossRef]

20. Lackowski, M.; Nowakowska, H. Dynamics of dielectric liquid rise between parallel electrodes under capillary and dielec-
trophoretic forces. J. Phys. D Appl. Phys. 2018, 51, 055304. [CrossRef]

21. Monroe, C.W.; Urbakh, M.; Kornyshev, A.A. The distinctive electrowetting properties of ITIES. J. Phys. Condens. Matter 2007, 19,
375113. [CrossRef]

22. Chae, J.B.; Kwon, J.O.; Yang, J.S.; Kim, D.; Rhee, K.; Chung, S.K. Optimum thickness of hydrophobic layer for operating voltage
reduction in EWOD systems. Sens. Actuators A Phys. 2014, 215, 8–16. [CrossRef]

23. Takei, A.; Matsumoto, K.; Shimoyama, I. A thin electrowetting controlled optical system with pan/tilt and variable focus functions.
Sens. Actuators A Phys. 2013, 194, 112–118. [CrossRef]

24. Kim, C.D.; Paek, S.H.; Lee, J.K.; Park, Y.I.; Hwang, Y.K. Flexible technology for large-size E-paper displays. Curr. Appl. Phys. 2010,
10, e127–e130. [CrossRef]

25. Khan, I.; Castelletto, S.; Rosengarten, G. Fabrication of solar beam steering electrowetting devices—Present status and future
prospects. J. Phys. D Appl. Phys. 2017, 50, 403001. [CrossRef]

26. Mugele, F.; Baret, J.-C. Electrowetting: From basics to applications. J. Phys. Condens. Matter 2005, 17, R705–R774. [CrossRef]
27. Zhou, K.; Heikenfeld, J.; Dean, K.A.; Howard, E.M.; Johnson, M.R. A full description of a simple and scalable fabrication process

for electrowetting displays. J. Micromech. Microeng. 2009, 19, 065029. [CrossRef]
28. Park, S.-Y.; Cheng, J.; Chen, C. Microfluidic tunable liquid prisms for solar beam steering and concentration. In Proceedings of

the ASME 2013 7th International Conference on Energy Sustainability ES2013, Minneapolis, MN, USA, 14–19 July 2013; pp. 1–7.
29. Park, J.K.; Ryu, J.; Koo, B.C.; Lee, S.; Kang, K.H. How the change of contact angle occurs for an evaporating droplet: Effect of

impurity and attached water films. Soft Matter 2012, 8, 11889–11896. [CrossRef]
30. Yuan, Y.; Lee, T.R. Surface Science Techniques; Springer Series in Surface Sciences; Springer: Berlin/Heidelberg, Germany, 2013;

Volume 51, pp. 3–34. ISBN 978-3-642-34242-4.
31. Liu, H.; Dharmatilleke, S.; Maurya, D.K.; Tay, A.A.O. Dielectric materials for electrowetting-on-dielectric actuation. Microsyst.

Technol. 2009, 16, 449–460. [CrossRef]
32. Moon, H.; Cho, S.K.; Garrell, R.L.; Kim, C.J. Low voltage electrowetting-on-dielectric. J. Appl. Phys. 2002, 92, 4080–4087. [CrossRef]
33. Banpurkar, A.G.; Sawane, Y.; Wadhai, S.M.; Murade, C.U.; Siretanu, I.; Van Den Ende, D.; Mugele, F. Spontaneous electrification

of fluoropolymer-water interfaces probed by electrowetting. Faraday Discuss. 2017, 199, 29–47. [CrossRef]
34. Saville, D.A. ELECTROHYDRODYNAMICS:The Taylor-Melcher Leaky Dielectric Model. Annu. Rev. Fluid Mech. 1997, 29, 27–64.

[CrossRef]
35. Schnitzer, O.; Yariv, E. The Taylor-Melcher leaky dielectric model as a macroscale electrokinetic description. J. Fluid Mech. 2015,

773, 1–33. [CrossRef]
36. Gross, P.M.; Taylor, R.C. The Dielectric Constants of Water, Hydrogen Peroxide and Hydrogen Peroxide—Water Mixtures1,2.

J. Am. Chem. Soc. 1950, 72, 2075–2080. [CrossRef]
37. Ma, M.; Booty, M.R.; Siegel, M. A model for the electric field-driven flow and deformation of a drop or vesicle in strong electrolyte

solutions. J. Fluid Mech. 2022, 943, A47. [CrossRef]
38. Song, F.; Ma, B.; Fan, J.; Chen, Q.; Li, B.Q. Molecular Dynamics Simulation on the Electrowetting Behaviors of the Ionic Liquid

[BMIM][BF4] on a Solid Substrate. Langmuir 2019, 35, 9753–9760. [CrossRef]
39. Chang, H.; Yeo, L.Y. Electrokinetically Driven Microfluidics and Nanofluidics; Cambridge University Press: New York, NY, USA, 2010;

ISBN 9780521860253.
40. Quinn, A.; Sedev, R.; Ralston, J. Influence of the Electrical Double Layer in Electrowetting. J. Phys. Chem. B 2003, 107, 1163–1169.

[CrossRef]

http://doi.org/10.1039/C8LC00319J
http://www.ncbi.nlm.nih.gov/pubmed/29726880
http://doi.org/10.1038/s42005-020-0294-6
http://doi.org/10.1088/2053-1591/aad010
http://doi.org/10.1016/j.sna.2006.04.050
http://doi.org/10.1038/ncomms1454
http://doi.org/10.1021/la0263615
http://doi.org/10.1021/la0347511
http://doi.org/10.1109/NEMS.2011.6017414
http://doi.org/10.1088/1361-6463/aaa30f
http://doi.org/10.1088/0953-8984/19/37/375113
http://doi.org/10.1016/j.sna.2013.11.001
http://doi.org/10.1016/j.sna.2013.01.055
http://doi.org/10.1016/j.cap.2010.08.021
http://doi.org/10.1088/1361-6463/aa84c5
http://doi.org/10.1088/0953-8984/17/28/R01
http://doi.org/10.1088/0960-1317/19/6/065029
http://doi.org/10.1039/c2sm26559a
http://doi.org/10.1007/s00542-009-0933-z
http://doi.org/10.1063/1.1504171
http://doi.org/10.1039/C6FD00245E
http://doi.org/10.1146/annurev.fluid.29.1.27
http://doi.org/10.1017/jfm.2015.242
http://doi.org/10.1021/ja01161a055
http://doi.org/10.1017/jfm.2022.469
http://doi.org/10.1021/acs.langmuir.9b01831
http://doi.org/10.1021/jp0216326


Micromachines 2023, 14, 348 22 of 22

41. Monroe, C.W.; Urbakh, M.; Kornyshev, A.A. Double-Layer Effects in Electrowetting with Two Conductive Liquids. J. Electrochem.
Soc. 2009, 156, P21–P28. [CrossRef]

42. Berthier, J. Electrowetting Theory. In Micro-Drops and Digital Microfluidics; William Andrew: Norwich, NY, USA, 2013; pp. 161–224.
[CrossRef]

43. Morrow, R.; McKenzie, D.R. The time-dependent development of electric double-layers in pure water at metal electrodes: The
effect of an applied voltage on the local pH. Proc. R. Soc. A 2011, 468, 18–34. [CrossRef]

44. Verheijen, H.J.J.; Prins, M.W.J. Reversible Electrowetting and Trapping of Charge: Model and Experiments. Langmuir 1999, 15,
6616–6620. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1149/1.2971190
http://doi.org/10.1016/B978-1-4557-2550-2.00004-3
http://doi.org/10.1098/rspa.2011.0323
http://doi.org/10.1021/la990548n

	Introduction 
	Theoretical Background on Dipole Water Molecule’s Charge Dynamics and Electric Field Concentration in Electrowetting 
	Materials and Methods 
	Results 
	Simulation of the Electric Field 
	Bare Ground Electrode Exposed to a Sessile Water Drop 
	Dielectric-Coated Ground Electrode 

	Discussion 
	Debye Double Formation and Contact-Angle Change in DC Electrowetting with a Bare Ground Electrode 
	Contact-Angle Change in DC Electrowetting with a Cytop-Coated Ground Electrode 
	Contact-Angle Change in AC Electrowetting with a Bare Ground Electrode 
	Hysteresis of Contact Angle 
	Comparison of Contact-Angle Changes in AC and DC Electrowetting 

	Conclusions 
	References

