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Electrowetting display (EWD) device is a new type of reflective optoelectronic equipment
with paper-like display performance. Due to the oil backflow phenomenon, it is difficult
for pixels to be maintained a stable aperture ratio, so the grayscale of EWDs cannot
be stabilized. To reduce the oil backflow in EWDs, a driving waveform composed of a
driving signal and a periodic reset signal was proposed in this paper. A direct current (DC)
signal was designed as the driving signal for driving pixels. The aperture ratio of pixels was
determined by the amplitude of the DC signal. The periodic reset signal was divided into a
charge release phase and a driving recovery phase. During the charge release phase, the
driving voltage was abruptly dropped to 0V for a period to release trapped charges. In the
driving recovery phase, the driving voltage was rapidly increased from 0V to a maximum
value. To reach the same grayscale of EWDs, the driving waveform was returned to the
driving signal at the end of the driving recovery phase. Experimental results showed that
the aperture ratio of EWDs was unchanged when the driving waveform was applied.
However, the aperture ratio of pixels was gradually decreased with the conventional
driving waveform. It was indicated that the charge trapping effect and the oil backflow
phenomenon can be effectively inhibited by the proposed driving waveform. Compared
with the conventional driving waveform, the speed of oil backflow was reduced by
90.4%. The results demonstrated that the proposed driving waveform is beneficial for
the achievement of stable grayscale in EWDs.

Keywords: electrowetting display, oil backflow, grayscale, charge trapping, driving waveform

INTRODUCTION

As a reflective display technology, the electrophoretic display (EPD) technology [1] has been
successfully applied in fields such as e-readers [2], electronic tags, and billboards. However, due to
limitations of EPDs in response time [3] and color display [4], it is difficult to be used in application
scenarios where rich colors and video display [5] are required.

The mentioned shortcomings of EPDs can be made up by the EWD technology [6] based on the
electrowetting effect [7]. As a novel reflective display technology, the EWD has a response speed
of milliseconds and can maintain high contrast and reflectivity in a strong light environment.
In addition, the power consumption and the thickness of the device can be significantly reduced
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[8]. Therefore, the power consumption of EWDs is much
lower than liquid crystal display (LCD) of equivalent size and
solution. As the new generation of display technology, the driving
system for EWDs has received wide attention [9, 10]. However,
the charge trapping phenomenon can cause an asymmetric
electrowetting effect [11], contact angle saturation, and oil
backflow [12]. These problems not only directly lead to dielectric
failure [13], but also make a challenge for the stable display and
precise control of grayscales. The strength of the charge trapping
effect is related to the polarity of the driving voltage, type, and pH
value of the solution. It has been found that increasing the size
of ions in the solution could reduce the risk of charge trapping
effects [14]. According to the previous research, it was possible to
reduce the charge trapping effect by introducing an oil layer [15],
but this hypothesis has not yet been confirmed. Research results
demonstrated that the saturation effect of contact angle could
be suppressed by driving waveform modulation [16]. However,
the maximum voltage of proposed driving waveform was up to
200 V. In addition, some driving waveforms of EWDs with a low
voltage were designed, whereas the effect of hysteresis in EWDs
was not considered by these driving waveforms [17, 18]. Even so,
these excellent research results provided valuable experience and
an important reference for reducing the charge trapping effect.
A well-designed driving waveform is an important method to
improve the display performance of displays [19, 20]. Therefore,
we analyzed the formation mechanism of oil backflow caused by
the charge trapping effect. And then a new driving waveform
for suppressing the charge trapping was proposed. To reduce
the charge trapping effect, a reset signal was introduced into the
driving waveform. This method could provide a new idea for
achieving stable and precise control of grayscales for EWDs.

PRINCIPLES OF EWDS

Principle of Electrowetting-on-Dielectric
Electrowetting is to change the surface tension between solid-
liquid interface by applying a voltage between conductive liquid
and electrode. The related dynamics of electrowetting and the
concept of EWDs were proposed in 1981 [7, 21]. With the
introduction of a dielectric layer between the conductive liquid
and the metal electrode, the problem of electrolysis of the
electrode has been solved [22]. And the electrowetting model
with a dielectric layer introduced is called electrowetting-on-
dielectric (EWOD) [23]. The structure diagram of an EWOD
model was shown in Figure 1. The conductive liquid is placed on
the surface of the dielectric layer with hydrophobic properties.
One of the electrodes was immersed in the conductive liquid
drop, and the other electrode was under the dielectric layer
substrate. When a voltage was applied between two electrodes
of a pixel, the wettability of conductive liquid droplet can be
increased. In this case, the solid-liquid interface and the dielectric
layer can be taken as a parallel plate capacitor.

When no voltage was applied between the conductive liquid
and the metal electrode, the conductive liquid droplet can
form an angle 0 between the three-phase contact line and the
hydrophobic dielectric layer with the action of surface tension.
The angle 6y is called the electrowetting contact angle. Since the

Switch
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Insulating Medium
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Dielectric Layer — == A0

Electrode —— T

FIGURE 1 | Schematic diagram of an EWOD. When no external voltage was
applied, the conductive fluid was in a contracted state, as shown in the red
part. When an appropriate driving voltage was applied, the contracted
conductive droplet can be spread out, as shown by the dotted line.

size of a droplet is very small, the effect of gravity is negligible
relative to the surface tension of the droplet. In the initial
state, the relationship described by Formula (1) can be obtained
according to the mechanical equilibrium along the surface of the
hydrophobic insulating layer.

Vsl = Vsg T Vg cos(rr — ) (1)

Then, the contact angle in the initial state can be expressed by the

Formula (2).

Vsg — Vsl
Vg

cos Oy = (2)
In Formulas (1) and (2), 6y is the contact angle of the solid-liquid
interface. yy, ysg, and g represent the surface tension of the
solid-liquid, solid-gas, and liquid-gas interface, respectively.

When a voltage U was applied between the conductive
liquid and the electrode, the surface tension yg at the solid-
liquid interface could be decreased. The relationship between the
surface tension yy and the voltage U can be described by the
Lippmann equation, as shown in Formula (3).

€0y
2d

va=va——7U (3)
Where, 3’y is the surface tension between the hydrophobic
insulating layer and the conductive liquid when the voltage
was applied. gy is the vacuum dielectric constant, ¢, is the
relative dielectric constant of the dielectric layer. d is the effective
thickness of the hydrophobic medium layer. Combined with
Young’s equation, the relationship between the contact angle of
the solid-liquid interface and the applied voltage can be described
by Formula (4), namely the Lippmann-Young equation.

€0€r

U? 4
i, @

cos 0, = cosby +

According to Formulas (2) and (4), the relationship between
contact angle and voltage can be written as Formula (5).

Vsg — Vsl T EOErUZ/Zd
Vg

©)

cos0, =

Where, 6,, was the solid-liquid contact angle when U was applied.
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Principle of EWDs

EWOD is widely used in many fields such as digital microfluidics
(DMF) [24-26], lab-on-chip [27, 28], micro-lens [29-31], and
EWDs. In 2003, a reflective display based on the principle of
EWOD was proposed [6].

The basic structure of EWDs was shown in Figure 2A. The
optical laminated structure of the display device is composed of
a white reflective substrate, a hydrophobic insulating layer, an
indium tin oxide (ITO) electrode, oil film, and water. The white
reflective substrate at the bottom of the device is an electrode
coated with a hydrophobic insulating layer, and the hydrophobic
insulating layer is covered with a layer of the colored oil. The
transparent conductive liquid is connected to the water electrode,
and the oil film is confined inside the surrounding pixel grid by
pixel wall.

When no voltage was applied between the upper and lower
substrates, the sum of interfacial tension at the oil-water interface
and interfacial tension at the oil-solid interface is less than the
interfacial tension at the water-solid interface. According to the
principle of the lowest energy of a stable system, oil droplets
can naturally stretch into an oil film and spread between the
transparent conductive liquid and the hydrophobic insulating
layer. At this time, the pixel grid was in a closed state, and the
color of oil film was displayed, as shown in Figures 2A,C.

When a voltage was applied between the upper and lower
substrates, the original equilibrium state of the system was
broken, and the solid-liquid contact angle can be gradually
decreased. With the action of an external electric field, the
transparent conductive liquid was deformed and displaced. And
then the hydrophobic insulating layer was infiltrated by the
liquid. With the push of the transparent conductive liquid, the
stretched oil film can shrink to a corner in a pixel grid. The
contact area between the shrinking oil and the hydrophobic

voltage determines the balance position of the corresponding
electrostatic force and capillary force. Thus, the opening degree
of the pixel grid was determined by the voltage applied between
the upper and lower electrodes. Therefore, the grayscale of EWDs
can be controlled by adjusting the magnitude of the applied
voltage. The opening degree of the pixel grid can be characterized
by the aperture ratio. The aperture ratio is defined as the ratio of
the aperture area S, to the total area of a pixel grid S,, which can
be described by the Formula (6).

S
Aperture Ratio (%) = S—" x 100% (6)
P

Charge Trapping Effect and Oil Backflow

Phenomenon

According to the Lippmann-Young equation, the change of
the electrowetting contact angle in an ideal state is related to
the square of U. Theoretically, the change in contact angle
is only related to the magnitude of the applied voltage. The
polarity of the applied voltage (positive or negative voltage)
makes no difference in the change of a contact angle. However,
it has been found that the change of contact angle during the
electrowetting process showed a dependence on the polarity of
driving voltages. The asymmetric electrowetting effect can be
exacerbated because of the polarity dependence. The previous
study has shown that the charge at the solid-liquid interface
could be trapped by asymmetric electrowetting points with
voltage polarity dependence [15]. To take the captured charges
into account, a modification could be made to the Lippmann-
Young equation. The modified Lippmann-Young equation can
be described by Formula (7).

Vsg — Vsl + €0&r(U — UT)Z/Zd

insulating layer was gradually decreased, and eventually, the cos, = )
entire system can reach a new equilibrium state. With the action Vg
of an external electric field, the shape of the opened pixel grid €08y U ®)
was shown in Figures 2B,D. The magnitude of the applied o =TT

Pixel Walls
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FIGURE 2 | Schematic diagram of EWDs. When no voltage was applied, the colored oil was evenly spread out in the pixel grid, (A) is a side sectional view, (C) is a top
view. When a voltage was applied, the spread oil film was squeezed to a corner of the pixel grid, (B) is the side cross-sectional view, (D) is the top view.
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Where, Ur represents the magnitude of the voltage generated
by the trapped charges. o1 represents the density of trapped
charges, as shown in Formula (8). It has been found that there was
indeed a charge trapping phenomenon during the electrowetting
process [32]. According to the modified Lippmann-Young
equation, a local reverse electric field can be formed at the
interface between the dielectric and the water because of the
charge trapping effect. The effective electric field at the three-
phase contact line was weakened by the reverse electric field.
The reverse electric field could be continuously strengthened
by the accumulated charges. Therefore, the effective driving
voltage between electrodes of pixel was indirectly reduced with
the increasing of time. With a constant voltage applied, the
electrowetting force would be reduced by the charge trapping
effect. At the same time, the hydrophobicity of the medium layer
was enhanced. In this situation, it is difficult for the three-phase
contact line to be maintained in a fixed position. Therefore,
the contracted oil droplets cannot be maintained in a stable
state, and the oil droplets would be gradually spread out on the
medium layers.

EXPERIMENTAL METHODS

Experimental System

For evaluating the performance of the proposed driving
waveform, an experimental platform was developed to measure
the brightness of EWDs. The block diagram of experimental
system was shown in Figure 3, and the picture of experimental
platform was shown in Figure 4. The proposed experimental
platform was composed of a waveform design module, a driving
module, and a detection module. In the waveform design module,
the waveform data generated by MATLAB was imported into
the host software to obtain the corresponding waveform file.
The driving module was composed of an arbitrary waveform
generator and a power amplifier. The generated waveform files
can be transferred to the arbitrary waveform generator by
Universal Serial BUS (USB) interface. Since the amplitude of
the driving waveform was limited by the arbitrary waveform
generator, a power amplifier was used to amplify the driving
waveform. To ensure that the designed driving waveform can
be output correctly, an oscilloscope was added to observe the
amplified driving waveform in real-time. Then, the amplified
driving waveform was used to drive an EWD panel. The detection
work was undertaken by the detection module composed of a
reflection colorimeter and its host software. To characterize the
performance of the EPD panel, the reflective colorimeter was
placed on the EWD panel during the experiment. The brightness
data of EWDs was collected by the host software of colorimeter
with the USB interface.

Measurement of Hysteresis Characteristic
Curve of EWDs

According to the Lippmann-Young equation, the relationship
between contact angle and applied voltage was not linear. Due
to the contact angle hysteresis of EWDs, the state of EWDs was
different at the different stages with the same driving voltage.
To intuitively observe the non-linear relationship, a stepwise

4 N

Waveform

Generator Computer
\ l J
Y N\

Amplifier
\3 J
p N Color Meter

Oscilloscope EWD Sample

- >
FIGURE 3 | System diagram of the experimental platform. The experimental
platform was mainly composed of an arbitrary waveform generator, an
amplifier, an oscilloscope, and a colorimeter. The magenta EWD panel was
used in experiments.

voltage was applied between electrodes of pixel. The driving
waveform for the measurement of the hysteresis curve was shown
in Figure 5.

It can be seen from Figure 5 that the driving waveform was
consists of a rising phase and a falling phase. In the rising
phase, the initial voltage applied to the EWD panel was 0V,
and then the voltage was increased by 0.5V per second. When
the voltage reached the maximum driving voltage of 30V, the
driving waveform was turned into a falling phase. In the falling
phase, the voltage was reduced by 0.5 V per second until 0 V. The
relationship between the luminance and driving voltage is shown
in Figure 6.

It can be seen from Figure 6 that the brightness of the EWD
during the voltage rising phase could not be overlapped with
the brightness during falling phase at the same voltage. A non-
negligible difference between two curves could be observed in
most voltage ranges, especially when pixels were turned on.
With the same driving voltage, the brightness of an EWD in
the falling phase was higher than that in the rising stage. The
hysteresis effect of EWDs was mainly caused by the inconsistency
between the advancing contact angle and the receding contact
angle [33]. Due to the hysteresis effect of EWDs, aperture ratio
in the rising phase and the falling phase were different with
the same driving voltage. Similar differences have appeared in
the brightness and reflectivity of EWDs. To obtain a repeatable
grayscale with the same driving voltage, the influence of the
hysteresis effect of EWDs cannot be ignored. The impact of
the hysteresis effect on grayscales should be minimized by
the design of driving waveform. Considering that the curve
of luminance-voltage in the falling phase was smoother, the
voltage of relatively flat area was always used to drive EWDs in
this paper.

Design of Driving Waveform

Due to the phenomenon of oil backflow, the state of oil film in
pixels was difficult to be maintained. To achieve a stable grayscale
of EWDs, a reset signal was introduced to the driving waveform.
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Host software of colorimeter. (G) Host software of waveform generator.

FIGURE 4 | The experimental platform for driving EWDs. (A) Oscilloscope. (B) Arbitrary waveform generator. (C) Power ampilifier. (D) Colorimeter. (E) EWD panel. (F)

FIGURE 5 | The driving waveform used to measure the hysteresis curve of an
EWD. When a stepwise changing voltage was applied to an EWD, the
brightness value of the EWD was measured by a reflection colorimeter in
real-time.

The shape of the proposed reset signal can be shown by the red
line in Figure 7. The introduction of the reset signal was aimed
at reducing the influence of oil backflow caused by the charge
trapping effect.

As shown in Figure 7, the proposed driving waveform can
be divided into two parts: a driving signal Sy and a reset
signal. The driving signal was used to turn on pixels, and the
reset signal was used to release trapped charges. The effective
driving voltage between electrodes of pixel could be maintained
by discharging captured charges on time. In this way, the
current equilibrium state of the oil film in pixel grids could be
maintained. The reset signal can be divided into a charge release
phase S; and a driving recovery phase S,. Vpax represented
the maximum driving voltage. Vg, and Vgp4) represented the
target voltage that was required to drive pixels to a grayscale.

Luminance (a.u.)

35

Voltage (V)

——— Rising Falling

FIGURE 6 | Hysteresis characteristic curve of EWDs.

VRelease Tepresented a driving voltage used in the charge release
phase. Treset represented the period where the reset signal was
applied. Durations of the charge release phase and the driving
recovery phase in the reset signal were represented by t; and t;,
respectively. t; + t, represented the duration of the reset signal
in one driving cycle.

The driving signal So was a DC signal. The DC signal was
used to drive the EWD to the target grayscale. The amplitude
of the driving voltage of the target grayscale can be determined
by the hysteresis characteristic curve of EWDs. The reset signal
was used to release captured charges. In the charge release phase
of the reset signal, the release efficiency of the trapped charge
was related to VRelease and f1. In the driving recovery phase
of the reset signal, the maximum voltage Vy,,x was applied to
obtain a better grayscale response. In an ideal state, a reset
signal should be applied immediately before the oil backflow
phenomenon appeared.
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FIGURE 7 | The diagram of driving waveform with a reset signal introduced. It can be used to reduce the influence of oil backflow in EWDs.
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FIGURE 8 | The relationship between brightness and driving time when an
EWD panel was driven by different DC voltages.

EXPERIMENTAL RESULTS AND
DISCUSSION

The Brightness Change of EWDs With DC
Driving Voltage

To obtain the brightness curve of an EWD with the DC
voltage, several different DC driving voltages were sequentially
applied to EWDs. The time-varying curve of the brightness
of an EWD driven by different DC voltages as shown
in Figure 8.

It can be seen from Figure 8 that a higher brightness could
be detected by the reflective colorimeter with a larger driving
voltage. However, the state of EWDs cannot be maintained
when the brightness reached the maximum value. The brightness
value was gradually decreased at a certain rate as the driving
time was increased. When the driving time was long enough,
the brightness would be gradually decreased to a minimum
value. When the amplitude of DC signal was reduced from
30 to 20V, the decrease value of brightness was reduced

from 2.770 to 0.729 a.u. within 109.4s. The result showed that
the drop gradient of brightness was faster with the higher
driving voltage.

The Influence of Driving Waveforms With a
Reset Signal on EWDs

According to the results of the DC driving experiment, it was
found that the brightness of EWDs has different degrees of
decline with different DC driving voltages due to the charge
trapping effect. To suppress the charge trapping effect, a reset
signal was introduced in the DC driving waveform. It can be seen
that the shape of reset signal was determined by Treset» VRelease>
t; and f,. The driving voltage of target grayscales in phase So was
set to 24 V. The brightness value of the EWD driven by different
driving waveforms was used to characterize the performance of
driving waveforms.

The brightness curve of an EWD at different frequencies was
shown in Figure 9. Many peaks were observed in the curve of
brightness when the driving frequency was set to 1 or 5Hz. It
was indicated that the brightness of the display had a large jitter.
At this point, a strong flicker of EWDs can be directly observed.
When the frequency of driving waveform was increased to 10 Hz,
the number and amplitude of peaks were significantly decreased.
At the same time, the obvious flicker cannot be observed on
EWDs. When the frequency was increased to 50 Hz, there was
no peak. It was shown that the high driving frequency was
conducive to the stability of brightness or gray scales. However,
the brightness of EWDs was decreased with the increase of
driving frequency. In addition, an obvious downward trend has
appeared when the driving frequency was increased to about
600 Hz. That’s because the duration of the reset signal phase
was shortened when the driving frequency was increased. If
the duration of the reset signal was not enough, the target of
suppressing charge trapping cannot be achieved. In this situation,
it was difficult for EWDs to maintain a stable state. When
the driving frequency was set to 50 Hz, the brightness can be
stabilized at a higher value. In addition, the fluctuation cannot
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FIGURE 9 | The brightness curve of an EWD driven by driving waveform at
different frequencies (Vrelease = —30V, Vimax = 30V, t1 = to, Preset = 10%.).
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FIGURE 10 | The brightness curve of an EWD driven by reset signals with

different proportions Preser (F = 50HZz, VRrelease = —30V, Vimax = 30V, t1 = t5.).
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FIGURE 11 | Luminance curves of an EWD driven by reset signals with
different release voltages (F = 50 Hz, Vimax = 30V, t1 = t2, Preset = 10%.).
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FIGURE 12 | The curve of brightness-voltage of an EWD with the different
ratio of t1/t; (F = 50Hz, Vinax = 30V, VReiease = —30V, Preset = 10%.).

be directly observed. So, the frequency of the proposed driving
waveform was set to 50 Hz.

With the same frequency of driving waveform, the proportion
of the reset signal in a whole driving cycle also had an influence
on the stability of grayscales. The definition of proportion
Preser can be described as Preer =  (t1 + t2)/TReset- The
brightness curve of an EWD at different Py, was shown
as Figure 10.

When the driving frequency was set to 50Hz, all driving
waveforms except Prer = 0% (equivalent to DC driving
waveform without a reset signal) can be used to keep the
stability of brightness. With the increase of Py in a whole
driving cycle, the brightness value was increased. However, the
fluctuation amplitude of brightness was significantly increased
at the same time. To reduce the fluctuation of brightness, the
frequency of driving waveform was increased to 100 and 500 Hz.
It turned out that the maximum brightness value of EWDs was
decreased. Experimental rsults show that EWDs could reach a
higher brightness with the lower fluctuation when Preset was set
to 10%. Therefore, the proportion Py was set to 10% and the
frequency was still set to 50 Hz.

The voltage applied in the release phase was also an important
factor for the stability of EWDs. It can be seen from Figure 11
that the brightness and stability of the EWD were significantly
improved with the increase of Vgejease- That’s because a larger
reverse voltage was beneficial to the release of trapped charges.
Therefore, the effective driving voltage between electrodes of a
pixel can be stabilized. Once the effective voltage was stabilized,
the brightness of EWDs could be maintained.

In addition, the brightness stability of an EWD could be
affected by the ratio of #; to t,, which can be defined as Rye5e; =
%. Curves of brightness-time with different Ryese; was shown in
Figure 12. Experimental results showed that the brightness was
decreased and the fluctuation range of brightness was increased
with the increase of R,es:. An obvious downward trend of the
brightness curve was shown when the value of Ryesr was set to
1/9 or 3/7. It was demonstrated that the charge trapping effect
cannot be well-suppressed when the duration of the release phase
was less than half of #; + f,. So, the brightness of EWDs was
decreased as the driving time increased. On the other hand, it
was difficult for pixels to reach the maximum brightness when
the duration of the release phase was more than half of t; + 1,.
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Therefore, the decrease and fluctuation of the brightness can be
noticed on EWDs. The experimental results showed that the best
inhibition effect on the charge trapping can be obtained when t;
was equal to f;.

With the DC voltage was applied, the brightness of EWDs
was decreased by 3.280a.u. in 145s. However, the brightness
only decreased by 0.315a.u. in the same period by applying
the proposed driving waveform. To quantitatively analyze the
display performance of EWDs, the speed of oil backflow can
be defined as the falling value of the brightness within unit
time. It was demonstrated that the speed of oil backflow was
reduced by 90.4% when the EWD was driven by the proposed
driving waveform.

CONCLUSIONS

To suppress the influence of the charge trapping effect in EWDs,
a driving waveform based on a reset signal was proposed. The
reset signal was composed of a charge release phase and a
driving recovery phase. The performance of driving waveform
was evaluated by the brightness of EWDs. Experiments were
conducted to investigate the influence of reset signal on the oil
backflow. By applying the proposed driving waveform, the speed
of oil backflow can be reduced by 90.4%, and the charge trapping
effect can be suppressed by the periodic reset signal. Therefore,
the proposed driving waveform could be applied for achieving
stable grayscales.
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