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Electrowetting technology, a microfluidic technology, has attracted more and more attention in recent years and has
broad prospects in terms of microdroplet drive. In this paper, the dynamic contact angle theory is used to develop a numer-
ical model to predict the droplet dynamic contact behavior and internal flow field under electrowetting. In particular, based
on the established computational model of droplet force balance, the dynamic process of a droplet under electrowetting
is analyzed, including the perspective of pressure variation and force balance inside the droplet. The results show that
when the alternating current frequency increases from 50 Hz to 500 Hz, the amplitude of the oscillation waveform after
droplet stabilization is 0.036 mm, 0.016 mm, 0.013 mm and 0.002 mm, while the relevant droplet oscillation period T is
11 ms, 4 ms, 2 ms and 1 ms, respectively. It is also found that the initial phase angle does not affect the droplet oscillation
amplitude. In addition, the pressure on the droplet surface under alternating current electrowetting increases rapidly to the
maximum value with resonant waveform oscillation, and the droplet will present different resonance modes under voltage
stimulation. The higher the resonance mode is, the smaller the droplet oscillation amplitude is and the streamline at the
interface will present an eddy current, in which the number of vortices matches the resonance mode. A high resonance

mode corresponds to a small droplet amplitude, while there are more vortices with a smaller size.

Keywords: electrowetting, dynamic contact angle, level set model, droplet oscillation

PACS: 82.65.4+r

1. Introduction

As widespread phenomena in various industrial fields
(such as electrostatic spraying,!! electric demulsification!?!
and microﬂuidics[3]), droplet deformation, breakage and
movement in an electric field have always been important ar-
eas of research. In particular, the wettability of droplets on
solid surfaces has attracted much attention in the fields of mi-
crofluidics and heat transfer.

The deformation, movement and wettability of droplets
in an electric field are affected by many factors such as
droplet location, quantity, diameter, electric field intensity,
electric field frequency, fluid physical properties, surfactant
and fluid type.[#! The wettability of droplets on a solid surface
changes under the electric field; this is called the electrowet-
ting phenomenon.! After years of development, electrowet-
ting has been able to realize the transport of droplets between
the control electrodes,®! the directional transport of droplets
in the oil phase!”! and the directional transport of underwa-
ter oil droplets.!® Through electrowetting, droplet drive can
be realized on a changing two-dimensional array electrode or
surface, for example, separation, merging, mixing and trans-
portation. Due to the advantages of in situ control, fast re-
sponse, flexible manipulation and low energy consumption,
electrowetting technology has been widely used in fields of
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microfluidics such as optics, displays, chip laboratories, print-
ing and separation. )

Some scholars have conducted many experiments and
theoretical studies on electrowetting to understand how
droplets interact with a solid surface under the influence of
electric fields. Moreover, in recent years the study of elec-
trowetting phenomena has begun to shift from surface charac-
teristics to the internal mechanism. Zhang et al. "l used a DC
piezoelectric voltage to drive an electrowetting system to re-
duce the sliding resistance at a solid-liquid interface. The fric-
tion and slip behavior of the solid-liquid interface on a rough
surface under the applied voltage was investigated. The re-
sults showed that the unstable region of rough slip behavior of
droplets on the surface cannot be explained by the electrowet-

ting equation. He et al.!'!l

studied the wetting and dewetting
behavior of nanodroplets with different molecular numbers on
the surface of a nano-column array. The scale effect was tested
by molecular dynamics (MD) simulation with or without an
applied electric field. Ahmad et al.!'?! reported numerical sim-
ulations and experiments on electrowetting-induced oscilla-
tory droplets under different hydrophobic conditions, a phase-
field based code with a dynamic contact angle model was used
to study the droplet dynamics. Hydrophobicity of the substrate
intensified the deformation and internal flow structures of the
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oscillating droplet. It also influenced the phase difference be-
tween the contact angle and the contact radius, producing three
different phase regimes. The amplitude and frequency of the
droplet oscillation change differently with the surface wetta-
bility in different phase regimes. Ko et al.['3! observed hydro-
dynamic flow in droplets using an AC voltage from a config-
uration with air as the ambient phase. The flow was observed
using a laser sheet and fluorescent tracers, and a toroidal vor-
tex flow was reported. Furthermore, droplet oscillations were
simultaneously observed and it was explained that the toroidal
flow originates from such oscillations. Zhang e al.!"* used
a DC piezoswing voltage to drive the electrowetting system
to reduce the slip resistance of the solid-liquid interface. The
results of experimental and theoretical analysis showed that
with increase in the piezoswing rate, the slip amplitude of the
contact line under electrowetting greatly increased while the
corresponding slip frequency decreased. Kang et al.!'>! found
that under probe-type electrowetting there is vortex flow in the
droplet, and this vortex flow changes direction with the fre-
quency of applied voltage. Zhang et al.''®) conducted an MD
simulation to study the static and dynamic wetting of water
nanodroplets on the surface of nanostructures in the presence
of a vertical electric field. Andreas et al.!'”l studied the in-
fluence of parameters such as density, viscosity and mass on
the electrowetting oscillation process and gave the simulation
results; it turned out that only electrical grounding from be-
low leads to utilizable oscillations. Markodimitrakis et al.!'8]
used experiments to prove and calculate the influence of the
elasticity and thickness of the medium on the beginning of an-
tenna saturation. The results show that the elastic effect is
very important, especially when the thickness of the dielectric
layer is less than 10 um; for thicknesses greater than 20 pm
the elastic effect is negligible. They attributed this finding to
the effect of dielectric thickness on the electric field as well
as the distribution of induced electrical stress near the three-
phase contact line (TCL). Malk et al.!"”! dealt with a charac-
teristic hydrodynamic flow appearing in droplets actuated by
electrowetting-on-dielectric (EWOD) with an AC voltage. In
the coplanar electrode configuration, two pairs of vortex flows
were observed to form in a droplet centered on the electrode
gap. At the same time, droplet oscillations induced by AC
EWOD were also revealed under stroboscopic lighting. These
experiments show that vortex location can be controlled by
frequency actuation with a fair degree of reproducibility.
Based on the droplet dynamics, we can conclude
that revealing the dynamic contact behavior and inter-
nal flow mechanism of the electrowetting process is es-
sential for the performance prediction and design of ad-

The effects of droplet
[17,18]

vanced electrowetting devices.

physical characteristics,[!” electric field magnitude,

10,14

polarity %14l and wall hydrophobicity!'%!3] on the electrowet-

ting phenomenon under DC or AC electric fields have been ex-
tensively studied. However, the internal flow field mechanism
of droplets under alternating current electrowetting (ACEW),
as well as the effects of voltage frequency and initial phase an-
gle on the dynamic contact behavior of droplets, have not been
thoroughly and completely investigated. Meanwhile, the con-
nection between physical parameters such as pressure, kinetic
energy and force on droplets under ACEW and the oscilla-
tion process has not been looked at so far. To better simulate
the variation of droplet contact angle, an axisymmetric model
and dynamic contact angle theory are introduced in this pa-
per. In addition, a transient numerical model of the force on
the droplet is also proposed, and the variation of the droplet
surface pressure is obtained. The dynamic contact behavior of
droplets and the mechanism of variation of the internal flow
field are first looked at from a new perspective by analyzing
the force and pressure variation on droplets. Furthermore, the
intrinsic connection between change in droplet kinetic energy
and droplet oscillation is investigated, and the relationship be-
tween droplet velocity, energy and kinetic energy is analyzed.
The proposed dynamic contact behavior and internal flow field
changes of droplets under different environments provide the-
oretical support for the subsequent electrowetting research.

2. Numerical models and solution methods
2.1. Dynamic contact angle model

The present work explores the electrowetting effect of a
sessile droplet on a solid surface coated with a hydrophobic
dielectric material. The basic principle of electrowetting on a
medium is shown in Fig. 1. In the electrowetting process the
surface of the plate is usually coated with a dielectric layer to
prevent electrolysis of the droplet under high voltage. In the
same way a hydrophobic layer is applied to the dielectric layer
to increase the hydrophobicity of the wall surface,!?°! in order
to increase the ability to change the contact angle: 6; ofF is
the contact angle when no electric field is applied and 65 on
is the contact angle when an electric field is applied. The sur-
face tensions between solid/liquid, liquid/gas and solid/gas are
denoted by og1, 01 and Osg, respectively.

The surface tension between solid/liquid can be expressed
by the Young equation

osL(OFF) = 056 — 0L.Gc0s6; OFF- (1

The influence of applied voltage (V) on surface tension can be

expressed by Lippmann’s formulal?!!

1
s1.(ON) = 0. (OFF) — 5 (%) V2, o)

From Egs. (1) and (2) we can get

cos 85 on = €08 O oFF + [€0€4/(201.6d)] V2, 3)
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where &, &4 and d are the vacuum dielectric constant, dielec-
tric constant and dielectric layer thickness, respectively. For-
mula (3) represents the contact angle of the droplet under an
electric field with applied voltage (6; on).

In electrowetting, an electric field force (Fz =
€&4V?/(2d)) drives the droplet along the TCL, friction resis-
tance (F;) and packing medium resistance (Fp) as forward re-

Metal probe

OLG
0SG

sistance. Considering a droplet as an unbounded sphere mov-
ing in air, its drag force is calculated as Fp = 0.5CpAppsU 2
where Cp, Ap, pr and U denote the drag coefficient, projected
area, air density and droplet velocity, respectively.!!3] Accord-
ing to the observation of Oprins et al.,?*! it is found that when

air is the filling medium the resistance can be ignored.

Fig. 1. Schematic diagram of the principle of electrowetting on a medium.

The imbalance of electric field force and friction force
will cause acceleration on the contact line. Since the mass
near the contact line is very small, the force generated by ac-
celeration is not considered in deriving the dynamic contact
angle. Thus, the resultant force (Fyet) of the oscillating droplet
along the TCL direction can be written as

Fnet:Fe*Ffa (4)

01.G (cos 05 p — cos 05 orr) = Fe — fuUd. )

Thus, the final expression for the instantaneous dynamic
contact angle under electrowetting with voltage V can be writ-
ten asl!4)

6sp = cos” ! [COS 05 oFF + [€0€a/ (201.6d) |V — (faUa / GLG)] .(6)

Due to the singularity of the droplet at the contact line, obtain-
ing an accurate contact linear velocity U (¢) is a challenge.
If the wall is set as a no-slip boundary, the contact line can-
not move. In reality, however, the contact line does move,
resulting in infinite viscous shear forces and divergent drag on
the wall. To avoid this, the Navier sliding boundary condition
(usip = BJu/dy) is introduced to represent the contact line
motion as a slip, where B is the slip length, i.e., the distance
from the boundary, where the velocity of linear extrapolation
will reach zero. In addition, since the model is an axisym-
metric regular geometry model, the contact linear velocity in
Eq. (6) can be estimated as the rate of change of the droplet

contact radius, which is given by!?!

U, = dR/dt, @)

where R is the radius of the droplet-wetting area.

Moreover, when the friction law on the contact line is lin-
ear, the friction coefficient f; depends on the tension inter-
action on the contact line, which has the same units as the

viscosity and can be measured from experiments or molecular
dynamics simulations. Meanwhile, Cheng et al.** showed
that the larger the slip length, the smaller the obstruction effect
of the wall on the fluid. The wall resistance characteristics can
be changed by adjusting the slip length.

2.2. Numerical model

2.2.1. Computational domain and boundary conditions

In this paper, the numerical research is carried out in
a two-dimensional axisymmetric computational domain. As
shown in Fig. 2(a), the droplet is assumed to be deionized wa-
ter, the ambient medium is air and both the droplet and air are
incompressible fluids. Layer 1 is the dielectric layer with a hy-
drophobic layer; layer 2 is the negative electrode and the probe
is the positive electrode. Since the probe is very thin, it has lit-
tle influence on the droplet flow field and is ignored in the cal-
culation domain. After a voltage is applied, negative charges
accumulate on the surface of layer 2 and positive charges accu-
mulate on the surface of layer 1 inside the droplet; the closer
to the TCL, the greater the density of positive charges accu-
mulated on the surface of layer 2. An electric field is formed
between the positive and negative charges, which disturbs the
droplet. At the initial time, the droplet velocity is 0, and the
air condition outside the droplet is atmospheric pressure. The
droplet interface is tracked by the level set variable (¢), where
the droplet has a value of ¢ equal to 1 and the surrounding air
has a value of ¢ equal to 0. In addition, the numerical calcula-
tions are based on the following assumptions:

(a) The shape of the droplet is assumed to be a spherical
cap.

(b) The voltage drop along the working fluid is ignored,
thus, the droplet is assumed to be a conductor.

(c) The effect of surfactants or any other foreign particles
on deionized water is not considered.

128201-3
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The mathematical model assumes that the fluid is laminar
and incompressible. The laminar Navier—Stokes equations are
established for droplet and air, respectively, and the effect of
surface tension of the droplet is considered. >

In the simulation of axisymmetric droplet diffusion, sev-
eral boundary conditions are set to restore the actual scenario.
S1 is the symmetric boundary, S2 is set as the wetted wall and
S3 is set as the open boundary, so that the model converges by
changing the system pressure release when the droplet moves.
To accurately capture the influence of the stress tensor on the
droplet, the mesh and wetting wall boundary near the droplet
surface are specially refined, as shown in Fig. 2(b). The final
calculation results pass the grid independence numerical test,
and the total number of grids is 14412.

® a1 \
Air
Layer 2
Layer 1 S2 Basal

N

Fig. 2. Geometric model for electrowetting simulation: (a) computational
domains and boundary conditions; (b) finite element meshing of the model
geometry.

2.2.2. Governing equation

The governing equations in this paper include continuity
and momentum equations of level set variables. The details
are as follows:

V.u=0, 8)
p% +pu-Vu=V-[—pl+pu (Vqu(Vu)T)]
+pg+Fst7 (9)

where g, p and Fy are gravity, pressure and surface tension,
respectively.

The level set variable (¢) is used to track two phases,
where ¢ = 1 represents the secondary phase (i.e., droplet)
and ¢ = O represents the primary phase (i.e., air). Therefore,
¢ = 0.5 denotes the droplet interface, where the level set vari-
able (@) can be calculated using the following equation:

Pl B V¢
5 tuvVe=1v- <8V¢—¢(1—¢)|V¢> 310

where € is the interface thickness parameter and 7 is the reini-
tialization parameter, and for numerical calculations the ap-
propriate choice is € = h, where £ is the grid cell size.

The surface tension in Eq. (9) acting on the interface can
be calculated by the normal vector of the interface and the cur-

vature of the interface, as shown below: 23]
Fy=0kén+V-(o(I-(nn"))3). (11)
The 6 function is approximately a smoothing function
5 =6|Vo[lo(1-9)], (12)

where o represents the surface tension coefficient, n repre-
sents the unit normal vector at the interface, k represents the
curvature of the fluid interface and & represents the Dirac func-
tion.

In addition, the fluid domain is divided into two materials
by the interface, and in each subdomain the material proper-
ties are constant. However, the density and viscosity are dis-
continuous throughout the solution domain. To simplify the
calculation so that the values of density, viscosity and surface
tension can continuously transition from the air to the droplet,
the following formula is used: >
(13)

(14)

p:Pg+(Pl_Pg)¢»
1= pg+ (i —Hg) 9,

where the subscripts g and 1 represent the gas and liquid, Ly
and p, indicate the dynamic viscosity of droplet and air, and
p1 and p, indicate the density of droplet and air, respectively.

2.3. Model validation

The friction coefficient f; can be measured by fitting
molecular dynamics simulation data to experimental data. In
general, when contact angle hysteresis is not considered, it
is found that the larger values (fy = 0.2-0.4 N-s-m~2) fit
the experimental data well,[>-28] otherwise a smaller value
(fa =0.18 N-s:-m~2) is more suitable.[>*3% In order to ver-
ify the correctness and accuracy of the model constructed in
this paper, other materials have the same characteristics under
the same voltage (32 V DC) (see Table 1). In the simulation in
this article, fuy =0.1 N-s-m~2 and f,; =0.15 N-s-m~2 are used,
as shown in Fig. 3. When 8 =0.3 um and f;; = 0.1 N-s:m~2,
molecular dynamics simulation results data more accurately
predict the experimental data of Cheng e al.!**! The data ob-
tained from the numerical simulation are basically consistent
with the experimental data, and the error of the data is very
small, which indicates the correctness of the model. There-
fore this article chooses B = 0.3 um and f,; = 0.1 N-s-m~2 for
subsequent simulation.

Table 1. Material properties of liquids/substrates used in direct current electrowetting experiments and simulations.

p (kgm™) u (Pa-s) oL (N'm™)

0s.0rF (°)

g4 (F-m 1) Volume (y1) d (m)

997 1.001x1073 7.275%1072

118 3.9 5 5x1077
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T T T T T T T T T

1.40 4 ]
1.35 1
1.30 1 1
/g 1.251 1
E 1201 ]
z
AO1.15 —s— Experiment b
1.10 1 ——(=0.5 pm, fq=0.15 N-ssm~2 |
’ ——(3=0.5 pm, fq=0.1 N-ssm~2
1.05 4 ——=0.3 pm, fq=0.1 N.sm=2
1.00 T T T T T T T T T
0 8 16 24 32 40

t (ms)

Fig. 3. Comparison of experimental and numerical results at different
times when the static contact angle is 118°.

2.4. Force analysis model

By analyzing the force balance of the droplet under elec-
trowetting, the relationship between the force change and other
parameters of the droplet can be obtained. Cheng ef al.**! ob-
served that viscous dissipation is not obvious in droplet oscil-
lation dynamics with an AC electric field. In addition, Ahmad
et al." observed that the viscous force is negligible com-
pared with the applied electricity and friction. Therefore, the
influence of viscous force is ignored in this model. In the pro-
cess of droplet oscillation, the friction force Fy = f U, on the
contact line during the oscillation of the droplet is the main
part of the resistance. Therefore, F; acts as a resistance to the
electric field force in the mechanical analysis. In the process of
droplet oscillation under electrowetting, droplet motion starts
from the TCL. Therefore, in the force balance analysis, the
dominant force along the TCL ignores other forces in the ver-
tical direction.

The applied sinusoidal waveform voltage (V) is given by
V =Vysin(2nft + ¢). (15)
Therefore, the field forces F; are as follows:

Fe = ge&aV?/(2d) = (g9€a/(2d)) Vi [sin(2mf1 + @))?

KV§[sin(2mft + @))?, (16)

where K = gyg4/(2d).

3. Results and analysis

In the simulation calculation, the droplet volume is 5 pl.
The initial shape of the droplet is a spherical crown, and the
initial contact angle is 110°. The total thickness of the di-
electric and hydrophobic layer d =2.5 um and the total ef-
fective relative dielectric constant &g = 2.8, The droplet is
deionized water, with p = 997 kg-m~3 and kinematic viscosity
i =1.01 x 1073 Pa-s. The ambient gas is air, and the droplet is
in an equilibrium state before the voltage is applied (f = 0 ms).

3.1. Dynamic contact characteristics of droplets under
ACEW

Figure 4 shows the variation of droplet contact radius
with time, where Ry, is the wetting radius of the droplet. The
amplitude of the droplet is the displacement of the droplet
contact line moving forward along the wall during diffusion,
and is represented by the symbol Ay. After completion of
the first oscillation, the droplet maintains a new contact radius
higher than the initial contact radius and continues to oscillate
with the maximum possible diffusion; then, the time it takes
to return to the original contact radius during a certain period
of oscillation is called the stable oscillation period 7. As can
be seen from Fig. 4, the variation of the displacement Ry, of
the droplet contact line tends to be a sinusoidal waveform.
The AC amplitude is kept constant, and its magnitude is 75 V.
When the AC frequency increases from 50 Hz to 500 Hz, the
oscillating wave amplitudes after the droplet stabilization are
0.036 mm, 0.016 mm, 0.013 mm and 0.002 mm, respectively,
and the oscillation periods T of the droplet wetting radius are
11 ms, 4 ms, 2 ms and 1 ms, respectively. It can be seen
that with the increase in AC frequency, the stable oscillation
period of the droplet decreases stepwise, and the amplitude of
the stable waveform after oscillation also decreases stepwise.
It can be seen from the analysis that the surface of the droplet
under stimulation with different frequencies presents different
surface waves, which causes the movement of the contact line.

—— Vy=75V, f=50 Hz
1.15 —— Vy=75V, f=125 Hz i
= Vy=75V, f=250 Hz
v V=75V, f=500 Hz
Vo=53V, f=0Hz

0 10 20 30 40 50

T (ms)

2t —_—

0 100 200 300 400 500 600
f (Hz)

Fig. 4. Dynamics of droplets under ACEW with time. (a) Variation of

droplet wetting radius with time at different frequencies. (b) Oscillation

period of droplet wetting radius at different frequencies.
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In fact, there is a delay between the movement of the droplet
contact line and the change in the electric field force. The
higher the AC frequency is, the faster the rate of change the
electric field force will be: if the electric field force changes
too fast, it will hinder the process of droplet contact wire
movement, which shows that the larger the AC frequency is,
the smaller the oscillation amplitude of the droplet is. It can be
seen from Fig. 4(a) that when f = 500 Hz, the droplet oscilla-
tion amplitude is very small, which is similar to the variation
trend of droplet wetting radius under direct current electrowet-
ting (the DC voltage is the effective value corresponding to the
AC amplitude).

Figure 5 shows the time variation of different forces (elec-
tric field force F¢, contact line friction F; and net force Fpe) on
the droplet at Vo =75V, f =50 Hz and ¢ = 0°. As shown
in Fig. 5, the line of contact friction F; = f; U, the line of
contact friction force and the direction depend on the value of
the linear velocity. The speed changes along the sine wave, so
the line of contact friction also presents a sinusoidal waveform
change, with the positive and negative friction corresponding
to expanding and contracting behavior of the contact wires.
As shown in Fig. 4(a), within r = 0-6 ms, the droplet ampli-
tude rapidly increases to a peak, and after # = 6 ms, the droplet
amplitude presents a waveform oscillation, corresponding to
Fig. 5. The droplet velocity reaches its maximum at the initial
time, the contact line friction reaches its maximum and then
the droplet size presents waveform fluctuation. As Ahmad et
al.'"?] mentioned, the magnitude and direction of friction de-
pend on the speed of the contact line. The positive and neg-
ative values of friction represent the diffusion stage and the
contraction stage, respectively. Friction increases with time,
and reaches a maximum when the electric field force reaches
a peak. At the same time, it is accompanied by the maximum
change in diffusion radius. In addition, the static Fy size near
the droplet contact line in Fig. 5 also changes with a waveform
oscillation, which further explains that the variation curve of
stable droplet oscillation amplitude under the action of elec-
trowetting is a sinusoidal waveform.

0.030f ]
0.025
0.020
0.015
0.010
0.005

Fig. 5. Change of force on the contact line with time (Vo =75V,
f=50Hz, ¢ =0°).

Figure 6 shows the change in droplet contact behavior
over time when the AC voltage is the same and the initial phase
angle is different. As can be seen from Fig. 6, when the ini-
tial phase angle is 0°, 45° or 90° there is no significant dif-
ference in the droplet wetting radius, indicating that the initial
phase angle does not affect the change in the droplet wetting
radius. However, the initial phase angle is related to the initial
phase angle of the droplet oscillation curve. For ¢ = 45°, 0°
and 90°, the droplet reaches stable oscillation successively and
then continues to move with the same stable oscillation period.

1.30
1.28
1.26
1.24
5 1.22
E 120
& 1.18
116 —=—Vy=75V, f=50 Hz, ¢ = 0°
1.14 —o—Vy =75V, f=50 Hz, p =45° A
1120 —+ V=75V, f=50 Hz, ¢ =90° ]
1.10 1 1 1 1
0 10 20 30 40 50
t (ms)

Fig. 6. Change of droplet contact radius under different phase angles.

3.2. Droplet internal flow under ACEW

Under the action of an electric field force, the contact
angle of stationary droplets changes, as shown in Fig. 4(a).
The droplet presents a sinusoidal oscillation motion along the
wall. It can be seen that under the effect of electrowetting,
the static internal flow of the droplet is changed into an in-
ternal eddy current under the stimulation of an electric field.
Figure 7 shows the changes in the average pressure at the
gas-liquid surface with time at different frequencies. It can
be seen from Fig. 7 that under AC stimulation, the pressure
at the interface rapidly increases from close to atmospheric
pressure to the maximum pressure value, and then the inter-
face pressure changes to show waveforms. The reason for
the pressure change can be obtained by referring to the change
in the droplet contact radius over time in Fig. 4(a). In the initial

70 —— T T T T T T T

i

p (Pa)

20 —=— f=50 Hz b
—e— f=125 Hz
10] f=250 Hz
0 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50
t (ms)

Fig. 7. Change of average pressure at the gas—liquid interface with time.
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Fig. 8. The change of droplet morphology with different frequency. (a) Internal flow field variation. (b) Vortex and wave crest relationship diagram.

deformation stage of the droplet, the force balance of the  droplet. Under the action of pressure, the droplet reciprocates,
droplet is broken under the stimulation of the electric field  resulting in the accelerated retreat of the contact line and oscil-
force, and a certain kinetic energy is accumulated, which even-  lation of the wetting radius. At the same time, since the voltage
tually leads to the accumulation of pressure at the edge of the  applied to the droplet constantly changes with time, the pres-
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sure near the droplet contact line will also constantly change
with the trend of voltage variation. In addition, the larger the
frequency f is, the smaller the accumulated pressure oscilla-
tion amplitude at the interface will be. The reason for this is
that the pressure change has a delay compared with the volt-
age change. The larger the voltage frequency is, the faster the
voltage change will be, so the change of electric field force
will also be accelerated. Therefore, an electric field force that
changes too quickly will interfere with the pressure accumula-
tion process at the interface. The larger the frequency f is, the
stronger the interference will be, and the smaller the eventual
change of the interface pressure will be.

Figure 8 shows the change of droplet morphology over
time with different frequencies. Figure 8(a) shows the veloc-
ity vector field and pressure distribution inside the droplet at
different frequencies. In this figure, half an oscillation period
is selected for modes P> and P4 and one oscillation period is
selected for modes P. In the process of droplet oscillation,
each peak value of droplet oscillation corresponds to a reso-
nance mode P, (n = 2,4,...), and the value of n depends on
the number of wave peaks at the droplet interface. As can
be seen from Fig. 4, the higher the resonance mode is, the
smaller the droplet oscillation amplitude is. In addition, the
recirculating eddies can be identified from the streamline pro-
file and the number of eddies matches their resonance modes.
For example, two vortices can be observed in P» mode, four
in Py mode and eight in P; mode, and most of the vortex cen-
ters are located on or near the free surface. It is also noted
that the oscillation amplitude of the droplet decreases contin-
uously as the frequency f increases from 50 Hz to 250 Hz.
As can be seen from Fig. 8(a), the oscillation process of the
droplet decreases continuously as the oscillation mode of the
droplet changes from mode P, to mode P, and the size of
the vortex at the interface also decreases continuously. As
mentioned by Yi et al.,[>3! when a droplet is actuated under
ACEW, the droplet exhibits time-harmonic shape oscillations.
The oscillation amplitude is found to decrease with increasing
actuation frequency due to the dominant effect of inertia over
other forces. The surface wave propagates with a similar phase
velocity to capillary waves.

The connection between the droplet surface pressure and
the resonance mode can be investigated through Figs. 7 and 8.
When f = 50 Hz, the pressure changes slowly, so the droplet
surface forces change more slowly and can be seen as a more
stable oscillation. Due to the slow change of droplet surface
perturbation, there are fewer wave peaks and vortices on the
surface. At the same time, when f = 250 Hz the rate of pres-
sure change is accelerated, so the force balance on the droplet
surface changes dramatically. Due to the strong change in per-
turbation on the droplet surface, the wave and vortex currents
on the surface also increase. In addition, the pressure ampli-

tude becomes smaller from f = 50 Hz to 250 Hz and the in-
tensity of droplet surface perturbation decreases, resulting in a
reduction in the size of wave crests and vortices.

Figure 8(b) shows the quantitative correlation between
the number of vortices n on the droplet surface and the number
of wave peaks w at the interface during the oscillation. Res-
onance modes are P, corresponding to one wave, Py to two
waves, Py to four waves and Py, to six waves. It can be con-
cluded from Fig. 8(b) that w = z/2, namely, the number of
vortices on the droplet surface z is always twice the number of
wave peaks, and the interface wave peaks caused by droplet
oscillation are always symmetric along the center line. The
larger f is, the more frequently the interface is disturbed, but
the intensity of the disturbance of the electric field force is
decreasing. Therefore, under voltage stimulation, the larger
frequency of the droplet the more surface crests and vortices
there are and the smaller the size of ripples generated by the
droplet surface is.

4. Conclusions

Based on our numerical simulation, the dynamic contact
process and internal flow field of droplets under electrowetting
are studied in this paper. The following conclusions are drawn.

1. The dynamic contact angle model is used to simulate
and predict the electrowetting process more reasonably, and
the change in droplet contact radius under different frequen-
cies and initial phase angles is studied. When the AC fre-
quency increases from 50 Hz to 500 Hz, the oscillating wave
amplitudes of droplet stabilization are 0.036 mm, 0.016 mm,
0.013 mm and 0.002 mm, respectively, and the oscillation pe-
riods T of the droplet wetting radius are 11 ms, 4 ms, 2 ms
and 1 ms, respectively. With increase in frequency, the sta-
ble oscillation period of the droplet decreases stepwise, and
the amplitude of the stable waveform after oscillation also de-
creases stepwise. In addition, when the initial phase angle is
0°, 45° or 90°, there is no significant difference in the droplet
wetting radius, indicating that the initial phase angle does not
affect the change in the droplet wetting radius.

2. A model of droplet force variation in the electrowet-
ting process is proposed, and it is concluded that the friction
of the contact line presents sinusoidal waveform changes. The
positive and negative friction forces, respectively, correspond
to the expansion and contraction behaviors of the contact line.
The static Fye near the droplet contact line also changes as a
waveform oscillation, which further explains why the fluctu-
ation curve of stable droplet oscillation amplitude under the
action of electrowetting is a sinusoidal waveform.

3. In the case of ACEW, the droplet interface will show
velocity vortices and oscillating ripples corresponding to the
frequency. As the frequency f increases from 50 Hz to 250 Hz
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the oscillation amplitude of the droplet decreases continu-
ously, and the oscillation mode of the droplet changes from
P, to Ps mode. The oscillation process of the droplet decreases
continuously, and the vortex size at the interface also decreases
continuously.
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