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An arc multi-electrode pixel
structure for improving the
response speed of
electrowetting displays

Shufa Lai, Lixia Tian, Shitao Shen*, Dong Yuan and Biao Tang

Guangdong Provincial Key Laboratory of Optical Information Materials and Technology, Institute of
Electronic Paper Displays, South China Academy of Advanced Optoelectronics, South China Normal
University, Guangzhou, China

Electrowetting display (EWD) is a new generation of reflective display
technology with low power consumption and high contrast. To improve the
response speed of pixels, an arc multi-electrode pixel was proposed, and its
performance was verified by using the established three-dimensional model in
this paper. According to the model, the influence of the arc multi-electrode
pixel structure on response speed was simulated, and the influence of a driving
sequence on oil movement inside pixels were analyzed. In addition,
comparative experiments of oil movement inside pixels with single-
electrode and arc multi-electrode were conducted. Experimental results
showed that the response time of the arc multi-electrode structure was
0.9 ms faster than the single-electrode structure in a pixel opening stage. In
the pixel closing stage, the oil recovery time can be accelerated by applying a
boosting voltage to the electrode corresponding to the oil accumulation area,
which was 2.3 ms faster than that of the single-electrode structure.
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Introduction

Electrowetting is a phenomenon which uses an electric field to change the wettability
of solid-liquid surface [1]. In recent years, electrowetting technology has been widely used
in chemical industry, bioengineering, display, and other fields [2-4]. Among them,
electrowetting displays (EWDs) are a new generation of reflective display technology [5,
6]. Compared with traditional reflective displays, EWDs have the advantages of low power
consumption, high contrast, fast response, and full color [7, 8], which is one of the most
attractive emerging display technologies [9].

A schematic diagram of EWDs structure is shown in Figure 1. The working principle
of EWDs can be described as following two stages: At the first stage (named pixel opening
stage), when a large enough voltage is applied, the surface tension between water and oil
can be changed, the oil can therefore be squeezed by water, showing the color of the
bottom substrate. During the second stage (named pixel closing stage), the voltage is
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FIGURE 1

Pixel structure of a EWD panel. The structure includes a top plate, ITO, fluid (colored oil and polar liquid), pixel wall, hydrophobic insulating layer,
and substrate. Two representative stages show (A) the colored oil spreads on hydrophobic layer as the voltage off, and (B) the colored oilis pushed to

a pixel corner when applied a voltage.
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TABLE 1 Structure, material, and interface parameters of the model.

Parameters Quantity Symbol Value Unit

Material Density of oil Poil 880 kg/m?
Density of water Puater 998 kg/m?
Dynamic viscosity of oil Uit 0.004 Pa-s
Dynamic viscosity of water Hoater 0.001 Pa:s
Dielectric constant of oil Eoil 4 1
Dielectric constant of water Ewater 80 1
Dielectric constant of a hydrophobic dielectric layer Enyd 1.28 1
Dielectric constant of a pixel wall € pixel _wall 3.28 1

Structure Width of a pixel Whixel 160 pm
Height of a pixel dpixel 50 pum
Height of a pixel wall d pixel_wall 8 pm
Width of a pixel wall Wpixel_wall 15 pm
Thickness of a hydrophobic dielectric layer dhya 1 pum
Thickness of oil doil 8 pum

Interfacial Surface tension of oil and water Yow 0.02 N/m
Contact angle of a pixel wall O pixcel_wall 95 deg
Contact angle of a hydrophobic insulating layer Onya 150 deg
Contact angle of the top plate Orop 30 deg

A B F C

FIGURE 2

Deformation of a sessile droplet exerted by non-contact forces. Vertical arrows indicated the direction of non-contact force, and horizontal
arrows indicated the direction of internal droplet velocity. (A) When the sessile droplet was stationary, it was a semicircular shape. (B) When the sessile
droplet was subjected to a non-contact force on left, it was deformed on the left, and it had a tendency to move to right. (C) When the sessile droplet
was subjected to non-contact force on both sides at the same time, it was deformed on both sides and was contracted to the middle of itself.

turned off, charges accumulated at the polar liquid interface are
completely released, resulting in the restore of the original

equilibrium between the water and
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the insulation layer,
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showing the color of the oil. So, the effect of dynamic display
for EWDs can be achieved. To quantify the response
performance, the response time correlative to the on and off
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FIGURE 3
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Arc multi-electrode and single-electrode pixel structure. (A) An arc multi-electrode pixel structure. (B) The arc multi-electrode contains 4 sub-
electrodes and 3 spacers. The width of all spacers was 6 pm. (C) A single-electrode pixel structure. (D) A single-electrode.

stages of pixels are defined as, 1) on-time refers to the time from
applying the driving waveform to reaching the target aperture
ratio of pixels. 2) off-time refers to the time from the target
aperture ratio to 0.

At present, the response speed of pixels still needs to be improved
[10]. In terms of improving the response speed of pixels, an asymmetric
driving scheme with alternating positive and negative voltage was
proposed. This method could reduce the response time of pixels in the
closing stage by suppressing the dielectric charge trapping, thus the fast
response of EWDs could be achieved [11]. Similarly, a driving
waveform contained an overload phase and a driving phase was
proposed. This driving scheme reduced the time required for oil
rupture by applying a short overload voltage, thus the purpose of
improving pixels response speed could be achieved [12]. From the
perspective of fluid characteristics inside pixels, surface tension at the
interface of oil/water was considered to be an important factor affecting
oil movement. A weak surface tension could increase the aperture ratio
of pixels and reduce its response time [13]. In addition, the pixel
response speed was also affected by the dynamic viscosity of oil and
water. It has been shown that the lower the dynamic viscosity of two
immiscible oil/water, the faster the response of pixels [14]. Moreover,
the researchers proposed a pixel structure which added spacer arrays to
adjacent pixel wall. This structure changed the oil/water interface
balance by adding spacers to the pixel wall, it could achieve a
consistent oil movement direction and reduce the oil rupture time.
Therefore, the response speed of pixels could also be improved [15].

In this work, an arc multi-electrode pixel structure for
improving the response speed of EWDs was proposed, and a
three-dimensional EWD pixel simulation model was conducted
by using COMSOL Multiphysics software. The influence of the arc
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multi-electrode and single-electrode on pixel response speed in this
model was studied. Furthermore, a scheme for applying recovery
waveform on sub-electrodes of arc multi-electrode was proposed to
improve the oil recovery speed in the pixel closing stage.

Numerical methodology

The three-dimensional EWD simulation was achieved using
the COMSOL Multiphysics software. A laminar flow two-phase
flow framework was used in the model. The laminar flow field
was coupled with a phase field and an electrostatic field. The
problem of fluid flow in the laminar flow field was solved by
Navier-Stokes equation. Electrical parameters in the electrostatic
field were solved by Maxwell’s stress tensor equation. The voltage
and electrostatic field force output in the electrostatic field was
eventually coupled to the laminar flow field.

Governing equations

A phase-field method is used to build the model and
investigate the dynamic process of a two-phase flow interface.
A large number of data has been proved that the phase-field
method could effectively predict droplet movement on the solid
surface [16, 17]. The movement of interface is tracked indirectly
by solving two equations. One of them is used to solve phase-field
variable & and the other is used to solve the mixed energy density
y [18-20]. Equations 1-3 represent the governing equation of
phase-field [21].
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TABLE 2 Driving waveforms and driving mode used for two electrode structures.

“““ 4 -~ Waveform 1 to sub electrode 1
Arc multi- | 3 g
electrode \ ) — S
(stage one) A\ 2 s
1 ——————— 0 5 10 15 20
Time (ms)
4 I+ ot 2 to i soctrods 2
Arc multi- 3 f:n”
electrode \ ) = S
(stage two) Z s
1 0 ] 10 15 20
Time (ms)
4 % X o Wavelorm i e 3
Arc multi- “ 3 "
electrode \ . — g
(stage three) A\ s
1 ‘ - 0 5 10 15 2
Time (ms)
Single-electrode ~ % "
) 'I|‘r‘|’|clln\) ’ N
a_®+u.V@:V.y_AVV/ (1) p(a—u+u~Vu):—Vp+V~(y(Vu+(Vu)"')—gu(V-u)I)+F (4)
ot &2 ot 3
&\ 0fex F=Fy,+pg+F, 5
w:-v.szvz+(®2—1)®+<x gg’ ) tTPG Ty (%)
292 ) Where u, p, p, and y represent velocity, pressure, density, and
o= = 3) dynamic viscosity of fluid respectively. Each term in Eq. 4

Where A is the energy density and ¢ is the capillary width.
Equation 3 describes the relationship between these two
parameters and the surface tension coefficient 0. y is the
mobility parameter. & was set to 1 for oil and -1 for water.

The laminar flow field can be solved by Navier-Stokes
equation and continuity equation [22]. Navier-Stokes equation
is described as Eq. 4. To depict the movement of two immiscible
liquids, a transport of mass and a momentum are governed by
incompressible Navier-Stokes equations.
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corresponds to inertial force, pressure, viscous force, and
external force, respectively. The external force consists of
surface tension, gravity, and a volume force, Fy, g, and Fr
represent surface tension, gravity acceleration, and volume force,
respectively.

As described in Egs. 4, 5, the coupling between the laminar
flow field and the electrostatic field is achieved by applying an
electrostatic volume force to Navier-Stokes equation. The
electrostatic field force is a main factor that can cause fluid-
flowing [18]. In addition, the electrostatic field force can be
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FIGURE 4

Evolution of the aperture ratio of arc multi-electrode and
single-electrode in the pixel opening stage. The aperture ratio
curves were obtained at a voltage of 20 V. Each curve consisted of
65 data points with an interval of 0.1 ms.

obtained by calculating the divergence based on Maxwell Stress
Tensor (MST) [18], and the calculation is expressed by Eq. 6.

F,r =VTi (6)

In a three-dimensional model simulation, MST is expressed as
Eq. 7.

10.3389/fphy.2022.975317

Txx Txy sz
T=|Ty Ty Ty @)
sz sz Tzz

The variation of volume force caused by the electrostatic field
acts on the interface between oil and water, and the calculation
can be expressed by Eq. 8.

[0(T) 3(Ty) 3(T.)]
0x oy 0z

P 3(Tyx) 9(T,,) 9(T,.)
0x oy 0z

3(T.y) (T=y) B(T..)
L oOx oy 0z

®)

For the calculation of contact angle, it was shown in Eq. 9 [7].

2
€0EhyaV’

cos 8, = cos Oyyq + ———
Zdhyd)}nw

®

Where 0., O4y4, and y,, are electrowetting’s contact angle,

Young’s contact angle of hydrophobic dielectric layer, and the
surface tension respectively.

Boundary conditions

In the simulation model, the zero-charge boundary condition
should be set on all sides of the model. For electrostatic field boundary
conditions, the voltage and the ground needed to be specified. The

TABLE 3 Oil movement between arc multi-electrode and single-electrode in the pixel opening stage.

Time (ms) 0 1 2 3 4 5 6 6.5
Single- | é | i
electrode
_— — — — —
Arc multi- | | i | |
electrode

TABLE 4 Driving waveform used for the arc multi-electrode structure in the pixel closing stage.

N

Boosting Stage
(6.5-7.5ms)

~=- Waveform of sub electrode 4

Voltage (V)

0 5 10 15 20

Time (ms)
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FIGURE 5

Aperture ratio corresponding to arc multi-electrode and
single-electrode as a function of time in the pixel closing stage.
Each curve consisted of 70 data points with an interval of 0.1 ms. A
15 V boosting voltage was applied to the sub-electrode 4 in

the arc multi-electrode, but none at the single-electrode. The oil
in the single-electrode was naturally recovered.

wetted wall, the initial interface, and the outlet needed to be specified
in phase-field boundary conditions. In addition, the contact angle was
defined as the inverse operation of Lippmann-Young equation.
The interface of the two-phase flow was selected as an initial
boundary condition. Both sides of the model (except the pixel
walls) were selected as inlet and outlet boundary conditions. In
addition, initial values of pressure and velocity in the laminar
flow field were set to 0. The wall condition was set to Navier-Slip.

Process and discussion
Setting of model parameters
Parameters used in the simulation were shown in Table 1.

The fluid (oil and water) in the model was set to incompressible
flow. It was assumed that the temperature (25°C) was kept

10.3389/fphy.2022.975317

constant during fluid movement, the thermal expansion of
fluid could be ignored. The influence of pressure on dynamic
viscosity was ignored. In addition, the bond number described
the relationship between gravity and surface tension, and it was
far less than 1, thus the gravity could be neglected [18]. Moreover,
the polar liquids were replaced by water [23, 24]. To compare the
response speed of a single-electrode with that of an arc multi-
electrode, the aperture ratio was required to characterize it. The
ratio of white area to the pixel area was called aperture ratio, and
it could be calculated by Eq. 10.

Soil

WA:I_(S

pixel

> x 100% (10)
Where W 4 was the aperture ratio, S,; was the area of the colored
oil in the pixel, Syixe; Was the area of the pixel.

Design of arc multi-electrode pixel
structure

The arc multi-electrode pixel structure proposed in this
paper had a faster response speed than single electrode, which
could be

electrowetting, when a droplet was subjected to an

elaborated from the following points. In
asymmetrical electric field force, it would be deformed on
the side of the electric field force, which in turn caused the
droplet to move [25, 26]. Similarly, in sessile EWDs, when a
droplet was stationary, it was a semicircular shape, as shown
in Figure 2A. When the droplet was subjected to a non-contact
force on left, as shown in Figure 2B, the left droplet was
deformed, and its inside would generate a velocity which was
directed to the right. When the droplet was subjected to non-
contact force on both sides at the same time, the two sides of
the droplet were deformed and were contracted to the middle
of the droplet, as shown in Figure 2C. In this case, it is not
the Therefore,
asymmetric progressive stress was necessary to improve oil
movement inside pixels in EWDs.

conducive to droplet movement. an

The proposed arc multi-electrode pixel structure was shown
in Figure 3A, and the structure of source electrode was divided

TABLE 5 Oil movement between arc multi-electrode and single-electrode in the pixel closing stage.

Time (ms) 0 1 2 3 4 5 6 7
Single- %5
Electrode
Arc multi- wi
Electrode
Frontiers in Physics 06
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into four sub-electrode with arc shape, as shown in Figure 3B.
Considering the difference of oil movement in a pixel structure
(the oil near the pixel wall moved slowly due to a stronger
capillary force, and the oil near the middle of pixel moved fast),
spacers at sub-electrodes 1, 2, and 3 were set as an elliptical arc.
The width of all spacers was 6 um. When the spacer was set too
large in experiment, it would cause the oil to rupture. If the spacer
was set too small, it was meaningless. Other structures in the arc
multi-electrode pixel remained the same as a traditional single-
electrode pixel structure, as shown in Figure 3C. Figure 3D
described a traditional single-electrode structure in EWDs.

Relationship between driving sequence
and oil movement

In the arc multi-electrode structure, corresponding
driving waveforms were applied to different sub-electrodes
at different times, as shown in Table 2, and all effective
voltages were set 20 V. The gray area represented a selected
sub-electrode, and waveforms in the table represented driving
waveforms applied to the corresponding sub-electrode. In
order to push oil to a pixel corner quickly, the driving was
implemented in three stages. In stage one, the driving
waveform 1 was applied to sub-electrode 1, oil was
ruptured in area of electrode 1. In the second stage, the
driving waveform 1 was continued to be applied to the
sub-electrode 1, it allowed residual oil in the spacer
between electrodes 1 and 2 to contract. At the same time,
the driving waveform 2 was applied to sub-electrode 2. This
driving mode could reduce oil dispersion and push oil to move
in a fixed direction. In the third stage, the driving waveform at
sub-electrode 1 was released, and the corresponding driving
waveform was applied to the second and third sub-electrodes,
so that oil was pushed to a pixel corner quickly. In the single-
electrode comparison experiment, the same voltage was
applied and the effective time was maintained for 10 ms, so
oil could be completely opened until it remained unchanged.
The mode of driving waveform applied to a single-electrode
was shown in Table 2.

After applying driving waveforms mentioned in Table 2, the
aperture ratio variation curves of single and arc multi-electrode
pixels were shown in Figure 4. In the single-electrode, oil was
ruptured at 0.9 ms. It took 4.1 ms for the pixel to reach 50%
aperture ratio, and subsequently achieved the maximum aperture
ratio of 55.9%. Whereas, in the arc multi-electrode, oil ruptured
at 0.7 ms, the response time for pixels to reach 50% aperture ratio
was 3.2ms, and the maximum aperture ratio was 67%.
Compared with single-electrode, the arc multi-electrode had
obvious advantages in response speed and aperture ratio. The
response time was 0.9 ms faster than the single-electrode, and the
maximum aperture ratio was 11.1% larger than the single-
electrode. Table 3 shows the shrinkage process of oil in a pixel.
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Boosting voltage and oil recovery

When driving waveforms were removed, oil naturally spread
under the action of its own cohesive energy. In the closing stage
of a single-electrode pixel, the time required for a pixel from the
maximum aperture ratio to 0 was 7.3 ms. For the arc multi-
electrode, a voltage of 15V was applied to the sub-electrode 4
(area 4 in Figure 3A) and maintained for 1 ms, as shown in
Table 4. The applied voltage generated a driving force acting onto
oil, and the driving force would accelerate the recovery of oil. The
aperture ratio results of the comparative experiment were shown
in Figure 5. The time required for the arc multi-electrode from
the maximum aperture ratio to 0 was 5 ms, which was 2.3 ms
faster than that of the single-electrode. The recovery process of oil
in two pixels was shown in Table 5.

Conclusion

In this paper, an arc multi-electrode EWD pixel structure was
proposed to improve the display quality, including aperture ratio
and response time. To study the performance of electrode
structure, a three-dimensional EWD simulation was carried
out. The simulation demonstrates the differences in oil
motion patterns between two different pixel structures. By
dynamically selecting the driving sub-electrode and driving
scheme, the arc multi-electrode effectively accelerated the oil
movement and improved the pixel response speed. In terms of
aperture ratio, the maximum aperture ratio of arc multi-electrode
was 11.1% larger than that of single-electrode. In addition, in the
pixel closing stage, oil spreading speed can be significantly
accelerated by applying a boosting voltage to the sub-electrode
corresponding to the oil accumulation area. The arc multi-
electrode pixel structure with multiple electrodes design
provides a strategy for actively turning off and flexibly turning
on the pixel, which theoretically enables it to break through the

upper bound on performance of typical EWDs.
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