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Abstract: Digital microfluidics technology based on the electrowetting-on-dielectric effect is a popular emerging tech-
nology whose objects of control are individual droplets on the microliter or even nano-liter scales. It has unique advantages
such as rapid response, low reagent consumption, and high integration, so it has drawn widespread attention and use in the
biological, medical, and chemical fields. However, to date, there has been relatively little research conducted on the
mechanism of droplets transition from stillness to motion by electrowetting-on-dielectric actuation. Here, we studied the
polarization mechanism underlying solid—liquid contact surface, thus building upon the previous research. The electric
field in chip, internal pressure, and flow field of droplet were modeled and simulated numerically. Then, the process and
mechanism of droplet transition from stillness to motion was comprehensively analyzed, and the results obtained from the
simulation and discussion were in close agreement with experimental results. It is here shown that the process of droplet
from stillness to motion involves four successive steps, which helps to better understand electrowetting-on-dielectric-
induced droplet motions and physics of digital microfluidics systems. The aim of this work was to research basic physical
mechanisms of electrowetting-on-dielectric droplet motion on a common ground so that the researchers may form a clear
picture of the fundamentals.
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1. Introduction

In recent years, the rapid development of micro-fabrication
processes has brought considerable breakthroughs and
improvements to microfluidics technology. Taking advan-
tage of electrowetting-on-dielectric (EWOD) mechanism
has become a trend in microfluidics [1-6]. The current
technique for manipulating droplets based on the EWOD
mechanism is known as digital microfluidics [7—12]. It has
four basic controls: the generation of droplets from a
reservoir, the division of one droplet into two sub-droplets,
the merging of two droplets into one droplet, and the
transportation of droplets [13-23]. Digital microfluidics
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technology does not require complex mechanical com-
partments such as micropumps, microvalves, and
microbubbles, thus avoiding any need for the manufac-
turing or assembly of complex parts, contamination from
different liquids, or flow blockage. The digital microflu-
idics chip can control a single microdroplet of microliter or
nano-liter size, enabling its widespread use in “lab-on-a-
chip” systems [24-26]. The substances contained in the
droplets require little time to react, and the reaction is very
thorough. The droplets can contain cells, DNA, protein,
enzymes, antibodies, embryos, and other substances
[27-35]. Digital microfluidics technology has broad
applications in other fields, such as optics [36], chip
cooling [37], and sensors [38].

In digital microfluidics technology, the movement of
droplet takes place within an electric field under the action
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of a series of mechanisms [39-43]. The mechanism
includes processes that take place across multiple scales
and stages [44—46]. A review of relevant studies performed
by other researchers shows that various hypotheses have
been proposed for the mechanism underlying the move-
ment of droplets on EWOD chips. Among the reviewed
studies, notable examples include the work by Walker et al.
[14] who presented a distributed parameter model of
EWOD fluid dynamics that was able to approximately
capture the evolution of a droplet’s liquid—gas interface by
means of the level set method in two dimensions. Starting
from the full Navier—Stokes equations, a reduced order
model was established, similar to Hele-Shaw-type flow
including the relevant boundary phenomena, that the bulk
dynamic behavior of EWOD-driven droplets in two
dimensions was captured. In addition, Lee et al. [47]
visualized the flow pattern and measured the flow velocity
within the droplet. The experimental results were compared
to numerical results and the two showed qualitative
agreement, which indicated that the flow observed during
high-frequency voltage EWOD was caused mainly by the
electrothermal effect, in which the electrical charges were
induced by conductivity and permittivity gradients. Fur-
thermore, Schertzer et al. [48] demonstrated some analyt-
ical models that describe the capillary force on confined
droplets actuated in EWOD devices and the reduction in
that force by contact angle hysteresis as a function of the
three-dimensional shape of the droplet interface. These
models were used to develop an analytical model for the
transient position and velocity of the droplet. Similarly, Cui
et al. [49] proposed a dynamic saturation model of droplet
motion on the single-plate EWOD device. The phe-
nomenon that droplet velocity is limited by a dynamic
saturation effect was precisely predicted. Their work pre-
sented the relationship between dynamics of electrowet-
ting-induced droplet motion and device physics including
device structure, surface material, and interface electronics.
Chatterjee et al. [41] presented a general electromechanical
model for calculating the forces on insulating and con-
ducting liquids in two-plate devices. The model revealed
not only the relative ease in which liquids of different
polarities and conductivities can be actuated, but also the
contributions of electrowetting and dielectrophoretic forces
to droplet actuation in a two-plate digital microfluidics
system. Ahmadi et al. [20] developed a model for micro-
droplet motion and dynamics in contemporary electrocap-
illary-based digital microfluidics systems. The proposed
pseudo-three-dimensional approach provided an efficient
and accurate tool for modeling the microdroplet dynamics
which decreased the computation time drastically. Nelson
et al. [50] explained the theoretical progression from
electrocapillarity to the electrowetting equation and sum-
marized the development of the basic EWOD technologies

and then discussed the basic physics of EWOD and
explained the mechanical response of a droplet using free-
body diagrams encompassing all the existing interpreta-
tions. Combined with the works mentioned above, in order
to strengthen the understanding and also reveal the droplet
transition mechanism, in this work, the process and
mechanism underlying the transition of droplets from
stillness to motion was based on the previous research and
performed through theoretical analysis and numerical
simulation. First, we established the polarization mecha-
nism underlying solid-liquid contact surface in EWOD
device, thus building upon the previous research. Addi-
tionally, the electric field in the chip, internal pressure, and
flow field of droplet were modeled and simulated numeri-
cally. Further, experiments were carried out to study and
analyze the droplet transport motion. We here observed
that the droplet can be driven by a sufficient difference in
hydrostatic pressure. From this, it can be seen that the
transition of droplets from stillness to motion involves four
successive steps. This work focuses on the fundamentals of
how droplets move from stillness to motion by EWOD
actuation. The primary objective of this paper is to provide
a theoretical basis for a better understanding and use of
digital microfluidics technology.

2. Brief review from electrocapillarity
to electrowetting-on-dielectric equation

In electrocapillarity and electrowetting, the driving elec-
trode and the conductive liquid are in direct contact, so the
Helmbholtz capacitance per unit area of solid-liquid inter-
face (electrical double layer, EDL) cy can be expressed as
follows [51]:

£0&r
CH = )OD ) (1)

Here, ¢y and ¢, represent the permittivity of vacuum and
the relative dielectric constant of conductive droplet,
respectively. Ap represents the Debye-screening length. It
is usually a few nanometers in size. The relationship
between the added voltage in the electrocapillary and
solid-liquid interfacial tension can be expressed by
Lippmann equation [52]:

1
Ys1 = Vs1,0 + ECHV25 (2)

Here, g is the solid-liquid surface tension without
driving voltage, V here is voltage drop across EDL, and the
three-phase contact line tension can be expressed using
Young’s equation:
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Ys1 = ng - Vlg - €OS 07 (3)

Here, 0 represents the droplet contact angle. y;, and 7,
represent the gas—liquid surface tension and the solid—gas
surface tension, respectively, and whose value remains
constant. So, Young’s equation can be used to represent the
change of the contact angle in Lippmann equation, and the
Young-Lippmann equation can be obtained as follows:

cos Oy = cos Oy + L . chVZ, 4)
Vlg 2

Here, Oy and 0, represent the contact angle in the
presence of driving voltage and the initial contact angle,
respectively. Accordingly, the dimensionless
electrowetting number E,, indicates the importance of
electrical energy at the solid-liquid interface relative to the
interfacial energy at the liquid—fluid interface, as follows:

11
EW Z—-—CHVZ. (5)

Vlg 2

When Eq. (1) is introduced into the Young—Lippmann

equation, the Young—Lippmann equation can be changed
into an expression (6) [53].

1 &g
cos Oy = cos By + — - —

Vlg

2
2/p v (6)
Equation (6) shows that even if a very low voltage is
applied, the droplet contact angle alteration can be
sufficiently large owing to the Ap. Unfortunately, due to
the direct contact between conductive droplets and driving
electrodes, the very low voltage can easily cause
generation of electrolytes on the contact surface. In order
to prevent this, an insulating layer was added on the top of
the driving electrode. Adding an insulting layer gives this
method an advantage over electrocapillarity and
electrowetting in that it overcomes the -electrolytic
generation. Electrowetting-on-dielectric is a configuration
in which an insulating layer separates the droplet from the
driving electrodes. Finally, Eq. (6) can be revised to
expression (7) [54]. The relationship between driving
voltage and contact angle can be described using the
revised Young-Lippmann equation.
&réo

%8 7
2dy, 0

cos Oy — cos Oy =

Here, driving voltage V is different from V in Eq. (2). V
here is voltage drop across two layers, namely the
dielectric layers and the EDL. The purpose of digital
microfluidics technology is to control the droplet by
charging the driving electrode under a dielectric layer, as
shown in Fig. 1, and the relationship between driving
voltage and contact angle can be described using Eq. (7).
In its initial state, most of the droplet is located on the left
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Fig. 1 Schematic diagram of typical parallel-plate EWOD droplet
actuation (side view)

side of the driving electrode, which is not charged. When
the right side of the drive electrode is charged, the contact
angle 0 of the droplet above the charged driving electrode
decreases, and the droplet begins to move toward the
charged driving electrode when the reduction in 6 is
sufficiently large. If an array of driving electrodes is
charged in sequence, the droplet can move along the
planned path. The digital microfluidics control method
includes four basic manipulations of droplet: dispensing,
separation, consolidation, and transport [7-9].

3. Results and discussion

3.1. Polarization mechanism of solid—liquid contact
surface

In electromagnetics, the dielectrics exhibit electrical
properties under external electric fields. There is no free
charge inside the ideal insulating medium, but there is
always a small amount of free charge inside the actual
dielectric. These small amounts of free charge cause
dielectric leakage. Under normal circumstances, in the
absence of an electric field, the positive and negative
charges offset each other at every point, showing no
electrical properties in the macrostate. Under an external
electric field, the local movement of bound charge pro-
duces electrical properties in a macrostate, showing char-
ges on the surface of the dielectric and in the non-uniform
component within the dielectric. This phenomenon is
called polarization, and the charge that emerges is called
the polarization charge. These charges change the original
electric field. For example, the capacitance of a capacitor
filled with dielectric elements is larger than that of the
vacuum capacitor, due to the polarization of the dielectric.
The electric dipole generated by polarization is called
“induced electric dipole,” and its electric dipole moment is
called “induced electric dipole moment.” Polarization
intensity P is a vector: Its size is the density of electrical
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dipole moment in the dielectric, that is, the electrical dipole
moment per unit volume, which is also known as the
polarization intensity, or polarization vector. The electric
dipole moment defined here refers to both permanent
electric dipole moment and induced electric dipole
moment. The relationship among polarization intensity P,
electric field E, and electric displacement D is expressed as
follows:

D = gFE + P = gy, E, (8)

Here, ¢y is the vacuum dielectric constant, and ¢, is the
relative dielectric constant of the dielectric. For isotropic
and linear dielectrics, the ratio of electrodynamic intensity
over electric field is the polarization ratio y.:

P = y.&FE. 9)

In this way, the electric displacement is proportional to
the electric field: D = &y(1 + y.)E = ¢E, where ¢ is the
permittivity (dielectric constant). The relationship between
the relative permittivity and the electrode rate is
& =14y

For polarization intensity, electric field, electric dis-
placement, and the direction of these three vectors are the
same. The physical quantities described in electromag-
netism are mostly mean values in macroscopic state. For
example, the average magnitude of the electric field,
average dipole density, and average polarization strength
are considered on a much larger scale than atomic size.
However, when the microscopic problem is studied, the
relationship between polarization of individual particles in
the dielectric apparatus, the average polarization ratio, and
the average polarization intensity can be expressed using
the Clausius—Mossotti equation.

&g — 1 1
. +2:3_302N’aj (10)
j

T

Here, N is the number of molecules per unit volume, o
and j represent the molecular polarization ratio and the j
molecule, respectively. This equation expresses the
relationship between molecular polarization and dielectric
constant. The equation establishes a connection between
microscopic parameter (polarizability) and macroscopic
parameter (dielectric constant), which is the bridge
connecting the microscopic and macroscopic worlds. The
equation is beneficial to understanding the intrinsic nature
of dielectrics at molecular level, specifically, the
mechanism of the solid-liquid contact surface under
electric field.

In the EWOD chip shown in Fig. 2, the electric dipole
and free charge in the droplet are randomly distributed in
the droplet when the right gray driving electrode is not
charging, as shown in Fig. 2(a). When the right gray
electrode is charging and turning red, an electric field

forms between the driving electrode and zero electrode, as
shown in Fig. 2(b). Under the electric field, a large positive
charge accumulates on the surface of the hydrophobic layer
and becomes the surface-bound charge. Under the effect of
this surface-bound charge, the negatively charged free
charge and the negatively charged portion of droplet near
the surface of bound charge are drawn to the surface due to
attractive force between opposite charges. Macroscopi-
cally, the hydrophobic layer of droplets located above the
conductive driving electrode exhibits hydrophilicity, and
the contact angle of droplet above the portion is reduced. In
this process, droplets are subject to electrostatic forces, and
the electrostatic force is the main cause of the change in the
contact angle of the droplets.

3.2. EWOD drive force characterization

The relevant model parameters are shown in Table 1. In
the numerical simulation, the droplet can be regarded as
dielectric [14, 20, 21].

The applied voltage generates an electrostatic field in
the vicinity of the droplet, and the EWOD driving force
component caused by the electric field is represented by
Eq. (11):

Fi://ZiT,jdsj, (11)

Here, s; represents the per unit area of the jth coordinate
direction in the direction of ith coordinate direction. From
tensor operation rule, it is known for each Maxwell stress
tensor element, and the following is true:

1

Here, E; represents the electric field intensity of the ith
coordinate direction in the space perpendicular coordinate
system, and J; is the Kronecker function,

Leeene- i=7
55 = =/
O ...... l #‘]
Based on the Gauss theorem, the loop Maxwell stress
tensor can be obtained as follows:

1
T:s(ff—ELEZ), (13)

Here, I is the second-order unit tensor, f) is the electric
field intensity: E? = E? + Ef + E2, and ¢ is the dielectric
constant of the droplet.

The Maxwell stress tensor is rewritten in matrix form as
follows:
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Fig. 2 Schematic diagram of the change in charge and electric dipole in the droplet before and after the application of the electric field (side
view): (a) before the electric field is brought to bear, and (b) after the electric field is brought to bear

Table 1 Parameters used in numerical simulation

Parameter Value
Electrode dimensions (L x L) 1 x 1 mm?
Electrode spacing (g) 20 pm
Dielectric layer thickness (d) 2 pm
Droplet volume 1 pL
Droplet radius (R) 702 pm
Droplet base radius 680 um
Static contact angle (6y) 118°
Droplet conductivity (o) 5.5 x 107° S/m
Relative permittivity of droplet (&) 80
Relative permittivity of dielectric (g,) 3.2
Relative permittivity of air (&y) 1
Actuation voltage (V) 100 Vrms
Plate gap (h) 1000 pm
( E2 _ E2 E2) 7
- zy e E.E,.. E.E,
( E2 _ E2 _ 2)
= Yy X 4
T=e-| ... E.E,...... RS EE,
E’-E!-E?
...... E.E, EVE;.. ( < 2X y)

(14)

Using the Gauss theorem, we can obtain the EWOD
driving force in the x, y, and z directions for the droplet in

Fig. 1.
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Because the EWOD driving force along y and z direction
has a weak and negligible effect on droplet movement, the
EWOD drive force on the droplet can be simplified as
follows:

el (5

Figure 3 shows a “droplet, driving electrode, dielectric
layer, and medium” system. This figure shows the three-
dimensional model after discretizing. For the sake of
simplification, the numerical simulation selects only the

E2 +d(EE)+d(EE)d
dy xLy dg e V.

(16)
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Fig. 3 Three-dimensional simulation model of droplet (scale bar:
1 mm)
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left and right driving electrodes, and air serves as the
medium.

Figure 4(a) shows the potential profile when the right-
side driving electrode is turned on. In order to better
indicate the potential profile after the driving electrode is
turned on, the slice mode is selected during post-process-
ing. Apparently, the potential on the right drive electrode is
close to 100 V. Figure 4(b) shows the electric field distri-
bution of the solid-liquid contact surface. The density and
size of the arrow indicate the size of the electric field at that
point. It is clear that the electric field is strongest along the
cross section of the droplet on the right driving electrode,
showing a concentrated distribution. The direction of
electric field points to the zero electrode. Figure 4(c) shows
the distribution of Maxwell stress tensor on solid-liquid
contact surface. The density of arrows indicates the size of
Maxwell stress tensor, and it is readily visible that Maxwell
stress tensors are the densest and largest on the right side of
the driving electrode that is conducting.

According to Maxwell’s theory, the electric field serves
as the bridge for the transmission of force, and the
coulombic force produced by charge is transmitted by the
electric field. After the driving electrode is turned on and
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electric field forms, the total electric field distribution is
calculated and the Maxwell stress tensor then can be eli-
cited. According to Eq. (16) above, the Maxwell stress
tensor serves as a bridge to calculate the EWOD driving
force applied on droplet in the EWOD chip. When the
Maxwell stress tensor is calculated, the EWOD drive force
can be found. Similarly, Fig. 4(c) shows the Maxwell stress
tensor of a droplet on the solid-liquid interface with
arrows. This was confirmed in the preceding article via
theoretical analysis of the electrostatic force.

Figure 4(d) is a numerical simulation of polarization
effect on the surface of driving electrode. Under the effect
of the electric field, objects with opposite charges tend to
attract each other. Inside an EWOD chip system, there is at
first no electric dipole moment between dielectric materials
and molecules in droplets. In the presence of an external
electric field, however, relative displacement of positive
and negative charges occurs, so they form electric dipoles
with a certain torque along the direction of external electric
field. On the solid-liquid interface, there are positive and
negative  surface-bound charges. The arrow in
Fig. 4(d) indicates the abstract concept of polarization,
where larger arrows are centered within the circle of

= A row Siuface: Electric field

Amow Surface: Polasizatipn 4

i

._‘1>\

z

=

Fig. 4 Simulation results of electrical field: (a) potential distribution of EWOD chip, (b) electric field distribution of solid-liquid contact
surface, (¢) Maxwell stress tensor distribution of solid-liquid contact surface, and (d) polarization map of solid-liquid contact surface
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droplet, indicating that the polarization effect is present in
this area. Figure 4(d) is consistent with the aforementioned
content. First, the solid—liquid interface is located above
the conducting driving electrode and generates a polar-
ization effect under the effect of electric field. In this
process, the droplet is subject to electrostatic force; second,
there are changes in the surface-bound charge in this part of
solid-liquid contact surface, disrupting the balance of
surface tension at the surface of the droplet; finally, the
unbalanced surface tension causes the droplet to deform to
an extent, and the deformation of the droplet exacerbates
the difference in pressure inside the droplet, which causes
the droplet to move.

3.3. Discussion of pressure field and flow field

During the simulation process, the evaporation, contact
angle saturation, and hysteresis of the droplets are
neglected. Figure 5 which is a y = 0 plane view shows the
results of numerical simulation of the hydrostatic pressure
inside the droplet. Figure 5(a) through Fig. 5(d) shows the
changes in pressure inside the droplet at different times.
Figure 5(a) shows the pressure inside the droplet at the
initial time. Because an electric field is formed between the
upper and lower plates of the chip when the right driving
electrode is turned on, the droplet undergoes a certain
amount of deformation in response to electrostatic force
and surface tension.

Then, the deformation creates a hydrostatic pressure
gradient inside the droplet. At this time, the hydrostatic
pressure of the forward part of the droplet is larger than that
of other parts of the droplet. Figure 5(b) shows that the part
of the droplet with the highest internal pressure begins to
move upward toward the surface of the droplet as driving
time continues. As shown in Fig. 5(c), the part with the
highest internal pressure continues to move to the left and
reaches the left side of the droplet, and then, it begins to
expand as driving time continues. As shown in Fig. 5(d),
this part of the droplet moves into the rest of the droplet as
the driving time ends and continues to expand. The droplet
moves to the right under its internal hydrostatic pressure
gradient.

Figure 6 shows the results of numerical simulation of
internal flow field of droplet. In Fig. 6(a), part of the dro-
plet begins to advance; in Fig. 6(b), the part of the droplet
that is advancing continues to move to the right, and the
droplet undergoes a certain amount of deformation, indi-
cating that the part of the droplet with the highest internal
pressure moved to the left; in Fig. 6(c), the advancing part
of the droplet continues to move to the right. The droplet in
Fig. 6(c) is more deformed than in Fig. 6(b), indicating that
the part of the droplet with the largest internal pressure is
increasing in size and is concentrated on the left side of the

droplet. In Fig. 6(d), the advancing part of the droplet
continues to move to the right, and the entire droplet,
including the rest of the droplet, begins to move, indicating
that the droplet begins to move under the force of the
difference in its own internal hydrostatic pressure. In this
way, droplets are driven from one point to another.
Figure 5 illustrates the process by which the difference
in hydrostatic pressure is generated within the droplet.
Figure 6 shows the variation in the internal flow field of the
droplet corresponding to the difference in hydrostatic
pressure. The two figures together show that under the
difference in internal hydrostatic pressure, the droplet first
undergoes a certain amount of deformation; then, the
portion with the highest pressure starts to move within the
droplet, and finally, the rest of the droplet moves. Corre-
sponding to the generation and movement of the difference
in hydrostatic pressure, the droplet will be deformed. As
the maximum pressure moves to the rest of the droplet and
the portion expands, the deformation of the droplet
increases. When the difference in hydrostatic pressure is
large enough, the droplets will be driven successfully.

3.4. Transition from stillness to motion

Figure 7 shows schematic side views of EWOD chip and
droplet geometry. According to the Laplace—Young equa-
tion, the difference in hydrostatic pressure [13, 41] between
point 1 and point 2 within the droplet is given as follows:

R [ M

Here, y, and y, indicate the radius of curvature of the
rest of the droplet and the advancing part of the droplet,
respectively, R and R, denote the radius of the rest of the
droplet and the advancing portion of the droplet,
respectively, and p, indicates the air pressure. As shown
in Fig. 7(a), the parts of droplet inside the No. 1 and No. 2
dashed rectangles represent the rest of the droplet and the
advancing part of the droplet, respectively. Thereinto, point
1 and point 2 are two symmetric random points before the
driving voltage is applied. These are located on the part of
droplet represented by dashed rectangles 1 and 2.

As shown in Fig. 7(a), the radius of curvature of rest of
the droplet is smaller than the radius of curvature of
advancing portion of the droplet, that is, y; <7,. The radius
of the rest of the droplet is smaller than the curvature of the
advancing part of the droplet, that is, Ry <R,. In this way,
the sum of the differences in pressure at each point in the
rest of the droplet and advancing portion of the droplet is
approximately equal to the difference in total hydrostatic
pressure inside the droplet: AP =) " | P;, in which P; &
P; — P here, and n represents a random point in either the
rest of the droplet or the advancing part of droplet. The
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Fig. 5 Numerical simulation of the internal pressure of droplets at different times: (a) time = 0.005 s, (b) time = 0.009 s, (¢) time = 0.015 s,

and (d) time = 0.02 s

calculation of the difference in pressure disregards the
contact angle hysteresis of droplets and the viscous resis-
tance of surrounding media to the droplet. It is an ideal
mathematical model.

Figure 7(b) shows the transport of maximum pressure
region inside the droplet along with the driving time. Four
circles labeled 1-4 represent the areas of maximum pres-
sure inside the droplet at different times. The area within
the circle represents the size of the area of maximum
pressure. As mentioned earlier, as driving time continues,
the maximum pressure region rotates within four locations
from 1 to 4. At this time, the area is continuously
increasing in size. The region of maximum pressure no
longer moves when it moves to the location of circle 4 but
rather remains at this position and increases in area. At this
moment, hydrostatic pressure AP is generated inside the
droplet, which drives the movement of the droplet toward
the direction with lower pressure when AP is large enough.
According to the literature of free-body representation, the
surface tension component of gas-liquid interface in
direction is F, = V1g COS 0y [50]. Based on the above
analysis, the EWOD driving force, surface tension, and

fluid static pressure are approximately equal to each other,
ie., F, ~ V)g * COS 0 ~ AP.

As the droplet moves from stillness to motion, the free
charge and the electric dipole inside the droplet under
electric field are drawn to the surface-bound-charge in the
water-repellant layer of the chip. This process renders the
hydrophobic layer hydrophilic. As the wettability of the
hydrophobic layer increases, the corresponding part of the
droplet can spread out, and the contact angle of this part of
the droplet decreases. The spreading part of the droplet is
undergoing forward movement, in which static force takes
on a dominant role, and the droplet as a whole is subject to
a EWOD drive force. Then, the different shapes of the
surfaces of the advance and recovery parts of droplet will
cause the droplet to deform. The deformation can break the
balance of surface tension. At this time, the contact angle
change of the remainder of the droplet is very small and
can be disregarded. The surface tension is dominant, and
the droplet is subject to surface tension Fy =y, - cos 0.
Next, the hydrostatic pressure of the remainder of the
droplet is greater than that of advancing portion, and the
imbalance in surface tension can disrupt the balance of
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pressure within the droplet. This generates static pressure
inside the droplet, i.e., the hydrostatic pressure comes to
bear on the drop such that the droplet can be successfully
driven by sufficiently large hydrostatic pressure.

3.5. Experimental verification

To validate the manner of droplet transitions from stillness
to motion, two EWOD chip structures were fabricated and

assembled. The main fabrication process and the experi-
mental setup are listed in our recent work [21]. The devices
had layers with a thickness of 2 pm and 50 nm for SU8 and
Teflon, respectively. During the experiment, double-sided
adhesive tapes were used to secure the upper and lower
plates of the chip, with an inter-plate spacing of 300 pm.
The suspended wire or the upper plate is connected to the
null electrodes. The drive electrodes were connected to a
sinusoidal signal of frequency 100 Hz and magnified
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through a voltage amplifier circuit. Deionized water dro-
plets were used, and medium for droplet manipulation was
air. The transition of the droplet was recorded from the top
using a high-speed camera attached to an optical micro-
scope on a vibration isolation table. The droplet velocity
was obtained by analyzing the recorded video clips
according to Fig. 8, which are the time-lapse CCD images
of a 1 pl droplet. Calculations then showed that the average
speed of the 1 pl droplet [13, 45] in air medium reaches
approximately 170 mm/s and 120 mm/s when the supply
voltage is 40 Vrms.

Because ITO glass has good transparency, but turns
opaque after coated with the SU-8 photoresist layer, in the
video frame images of droplet motion, the contours of the
drive electrodes were outlined with dashed boxes, and the
droplet moves from left to right in the electrode array, as
shown in Fig. 8. As depicted in Fig. 8(a), 1 pl deionized
droplet is driven in EWOD chip with suspended wire as the
zero electrode, and Fig. 8(b) shows that the 1 pl droplet is
driven in EWOD chip with upper zero plate. The droplets
move from left to right in the electrode array as shown in
Fig. 8(a) and (b). The droplet transitions in Fig. 8 indicate
that two chip structures, no matter what those structures
may be, cause the droplet to transition from stillness to
motion in the same way. As shown in Fig. 8, the part of the
first droplet that is advancing is on the charged electrode,
and the rest of the droplet above the uncharged electrode
retains its original shape. In this process, the asymmetrical

change in the droplet shape causes a certain amount of
droplet deformation. On this account, within the droplet,
the asymmetrical deformation produces a difference in
hydrostatic pressure, and when this difference in hydro-
static pressure is sufficiently large, the droplet can be
successfully driven from stillness to motion. As exhibited
in Fig. 8(a) and (b), an array of driving electrodes is
charged in sequence, and the droplet can move along the
planned path, as shown in images 1 through 4.

In summary, according to the analysis and experiment
results mentioned above, the process from stillness to
motion needs to go through the following four successive
steps:

Step 1: The “EWOD chip—droplet” can be considered as
a capacitive system. When the driving electrode is turned
on, the contact angle of the droplet above the conductive
driving electrode decreases.

Step 2: The decrease in the contact angle changes the
surface tension of the droplet, while the contact angle of
droplet above the non-conducting electrode retains its ini-
tial contact angle, and the surface tension remains constant.

Step 3: The asymmetrical change in the surface tension
of the droplets causes a certain amount of deformation of
the droplet.

Step 4: The deformation of the droplet produces a dif-
ference in hydrostatic pressure within the droplet, and the
droplet can be successfully driven when this difference in
hydrostatic pressure is sufficiently large.

Fig. 8 Transition of a 1 pl droplet under an AC voltage 40 Vrms and frequency 100 Hz: (a) the ground electrode is suspended zero wire, and

(b) the ground electrode is upper zero plate (top view)
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4. Conclusions

In summary, we studied the mechanism underlying the
bound charge of the solid-liquid interface. Then, the
electric field, pressure field, and flow field in the EWOD
chip—droplet system were simulated. The results and dis-
cussion of numerical simulation showed that, in the pres-
ence of the electric field, the positive and negative ions and
molecules attracted each other to bring an electrostatic
force to bear on the solid-liquid contact surface. The
electrostatic force changed the surface tension of the dro-
plets, causing different levels of surface tension on the left
and right sides of the droplets and leading to droplet
deformation. The deformation generated a difference in
hydrostatic pressure within the droplet. Finally, a suffi-
ciently large difference in hydrostatic pressure could suc-
cessfully drive the droplets from rest to motion. Most
importantly, the experimental observations are consistent
with the predicted droplet asymmetrical deformation owing
to the asymmetrical change in the surface tension. We here
explained the process of droplet transitions from stillness to
motion, and analyzed the mechanism by which droplets
may be successfully driven, providing a theoretical basis
for a better understanding and use of digital microfluidics
technology. However, in our work, many other elements,
including the contact angle saturation effects, the contact
angle hysteresis effects, and the ion flux/transport effects,
are disregard. Our further work will focus on the effects of
these factors in EWOD mechanism for the movement of
the droplet.
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