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A fast response speed of a pixel is important for electrowetting displays (EWDs). However,
traditional driving waveforms of EWDs have the disadvantage of long response time. So, a
driving waveform, which based on overdriving voltages and charge trapping theory, was
proposed in this paper to shorten the response time of EWDs. The driving waveform was
composed of an overdriving stage and a driving stage. Firstly, a simplified physical model
was introduced to analyze the influence of driving voltages on the response time. Then, an
overdriving voltage was applied in the overdriving stage to increase the respond speed of
oil, and a target voltage was applied in the driving stage to obtain a target luminance. In
addition, the effect of different overdriving voltages and overdriving time values on the
response time was analyzed by charge trapping theory to achieve an optimal performance.
Finally, the driving waveform was imported into an EWD for performance testing.
Experimental results showed that the response time of the EWD can be shortened by
29.27% compared with a PWM driving waveform.

Keywords: electrowetting displays (EWDs), overdriving voltage, response time, driving waveform, charge trapping

INTRODUCTION

Electrowetting displays (EWDs) are a new type of electronic paper with fast response speed and
extremely low energy consumption [I, 2], and it can compensate for the limitations of
electrophoretic displays (EPDs) effectively in the two major performances of color and video
[3-8]. However, certain improvements are required for commercialization of EWDs, such as
enhancement of response speed [9, 10]. In addition, driving waveforms are the voltage sequence
applied to the EWD, which can control the movement of oil [11]. Therefore, it is of great significance
to shorten the response time of EWDs by optimizing the driving waveform.

At present, the method for shortening the response time of EWDs, including reducing oil
oscillation, suppressing charge trapping and suppressing oil backflow, has been proposed [12, 13]. In
the study of reducing oil oscillation, an amplitude-frequency mixed modulation driving system was
proposed, the oil was driven by a high voltage to achieve a target luminance, and then the driving
voltage was decreased to stabilize the oil, this method can improve the response speed of gray scale
displaying and reduce the oil oscillation [14]. In addition, the oil oscillation can be reduced by
optimizing the rising stage of the driving waveform, a driving waveform with an exponential function
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FIGURE 1 | The structure of an EWD pixel. It is in an equilibrium state, and the colored oil forms a continuous spreading film between the hydrophobic insulating
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rising stage was proposed to reduce the oil oscillation, and it can
shorten the response time effectively [15]. But the period of the
driving waveform was prolonged by using this method. In the
study of suppressing charge trapping, an error diffusion
algorithm based on pixel neighborhood gray information and
direct current (DC) balanced driving waveform were proposed to
suppress the charge trapping, and videos can be played in real-
time by using this driving waveform [16]. A driving waveform
with sawtooth wave was designed, a section of resetting wave was
used to eliminate the influence of charge trapping [17]. The
degree of charge trapping in electrowetting liquid lens driven by
sinusoidal, bipolar and single pulse has been analyzed, and it was
proved that the positive and negative polarities of driving voltages
can cause a significant difference in the response speed [18].
However, the EWD was damaged easily by applying the negative
polarities of driving voltages [19]. In the study of suppressing oil
backflow, a series of sub-frames was used to drive multi-gray pixel
data, the time of these sub-frames can be chosen to minimize the
effect of the oil backflow in EWDs [20]. But these sub-frames
would decrease the stability of oil. Besides, the research of the
dynamic model of electrowetting and contact angle saturation has
provided a theoretical basis for analyzing the influencing factors
of response time in EWDs [21-24].

In this paper, a driving waveform which based on the principle
of EWDs and charge trapping, was designed to shorten the
response time in EWDs. An overdriving voltage was used to
speed up the response speed of oil. Then, the optimal overdriving
voltage and overdriving time were determined by the theory of
charge trapping and a physical model of EWDs. So, the effect of
charge trapping was reduced, and the shortest response time can
be obtained.

PRINCIPLE
Principle of EWDs

The structure of EWDs is mainly composed of top plate, white
substrate, indium tin oxide (ITO), hydrophobic insulating layer,
pixel wall, colored oil and conductive liquid (NaCl solution). An
EWD pixel is in an equilibrium state when no voltage is applied,
and the colored oil forms a continuous spreading film between
the hydrophobic insulating layer and the conductive liquid. So,
the pixel can display the color of the colored oil [25, 26], and it is
in an “oft” state, as shown in Figure 1. Instead, the wettability of
the colored oil on the hydrophobic insulating layer can be

changed when a certain voltage is applied between a common
electrode and a pixel electrode. Then, the colored oil can be
shrunk, and the surface of the hydrophobic insulating layer can be
displayed. At this time, most of light can be reflected directly
through the conductive liquid, only a small part cannot be
reflected because of the colored ink. So, the pixel point can
display the background color of the white substrate, and it is
in an “on” state. The ratio of white area to the pixel area is called
aperture ratio, and its can be calculated by Eq. 1.

Wy=1- <S’) x 100% (1)

pixel

Where W, is the aperture ratio, Sy is the area of the colored oil in
the pixel, Spix; is the area of the pixel.

Physical Model of EWDs

A simplified physical model of EWDs is proposed to analyze the
influence of driving voltages on oil movement [27]. In the
physical model, the pixel of EWDs can be treated as a parallel
capacitor when an applied voltage is applied between the
common electrode and the pixel electrode. Specifically, the
pixel wall and the oil can be treated as connected in series,
and then they are connected in parallel with the hydrophobic
insulating layer to form a loop. However, the photoresist material
of the pixel wall has a lower conductivity compared with the oil.
The capacitance of the pixel wall can be neglected. Therefore, the
oil and the hydrophobic insulating layer are connected in parallel
in the physical model. Ohm’s law can be used to calculate
parameters of the physical model. So, the capacitance of the
pixel C can be calculated by Eq. 2.

1 saiISoiI stpixel
C= Cu,‘ C = — _ — 2
1 471k< nd @)

Where C,; is the capacitance of the oil, Cp is the capacitance of
the hydrophobic insulating layer, k is electrostatic constant, &y is
the dielectric constant of the oil, % is the thickness of the oil, ¢p is
the dielectric constant of the hydrophobic insulating layer, d is the
thickness of the hydrophobic insulating layer. Furthermore, the
contact angle of the oil can be controlled by changing the applied
voltage according to the Lippmann-Young equation, which is
shown in Eq. 3 and Ref. 28.

Ccv?

3
2y01 ®

cosO=1-
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FIGURE 2 | The phenomenon of charge trapping. Charges become trapped in the hydrophobic insulating layer. At this time, the interaction between ions and the
hydrophobic insulating layer is stronger than the interaction between ions and the conductive liquid.

Where 6 is a oil-solid interface contact angle, V is a driving
voltage applied to the pixel, and y,, is the oil-liquid interfacial
tension. The contact angle is related to the aperture ratio, the
greater the contact angle, the greater the aperture ratio. So, it can
be seen that the aperture ratio is proportional to the driving
voltage, as shown in Eq. 3. At the same time, the response speed is
related to the driving voltage. The higher the driving voltage, the
faster the response speed [9].

According to Eq. 2 and Eq. 3, the relationship between the
thickness of the hydrophobic insulating layer and the driving
voltage can be obtained by Eq. 4.

B 2(1 - cosO)y,,
V= L soilsoil sDSpixel - \/a (4)
dnk h d

It can be seen that the driving voltage is proportional to the
thickness of the hydrophobic insulating layer, so the thinner the
hydrophobic insulating layer, the lower the driving voltage which
can be applied. Excessive driving voltage cannot be applied to the
EWD, otherwise the hydrophobic insulating layer would be
broken down and the EWD would be damaged.

Charge Trapping of EWDs

Ions in conductive liquid would be pulled toward the
hydrophobic insulating layer by electrostatic force when the
driving voltage is applied to a pixel. There is a possibility that
charge becomes trapped in or on the hydrophobic insulating layer
when the interaction between ions and the hydrophobic
insulating layer is stronger than the interaction between ions
and the conductive liquid. The phenomenon of charge trapping is
shown in Figure 2. The relationship between the contact angle of
oil and driving voltage can be determined by Eq. 5 and Ref. 29.

C(V-Vy)

(5)
2yor

cosd=1-
Where V7 is the potential generated by the charge trapping. The
electrostatic force on the oil is reduced because of the charge
trapping, which causes a decrease in the aperture ratio of EWDs.
In addition, the relationship between the amount of trapped
charges and the driving voltage has been determined by

measuring surface potential at a liquid-solid interface in
electrowetting-on-dielectrics (EWOD) [30]. Trapped charges

are increased when the driving voltage is increased. Therefore,
the influence of driving voltages on charge trapping should be
considered in the driving waveform.

EXPERIMENT AND DISCUSSION
Testing System

The response time and the luminance of EWDs need to be tested,
then the performance of the driving waveform can be analyzed.
So, an experimental platform was developed to test and record
luminance data of EWDs. The experimental platform was
composed of a driving system and a testing system, it is
shown in Figure 3. The driving system was composed of a
computer (H430, Lenovo, China), a function generator
(AFG3022C, Tektronix, USA) and a voltage amplifier (ATA-
2022H, Agitek, China), which was used to generate driving
waveforms. The testing system was composed of the computer
and a colorimeter (Arges-45, Admesy, The Netherlands), which
was used to test and record the luminance data of EWDs.

In this experiment, an EWD was used as a tested object, and
its parameters was shown in Table 1. In the testing process, a
driving waveform was edited by Arbexpress (V3.4, Tektronix,
USA) waveform editing software in the computer. Then, an
edited driving waveform was imported into the function
generator by a universal serial bus (USB) interface, and it
was amplified by the voltage amplifier. Thirdly, the EWD
was driven by the driving waveform from the voltage
amplifier, and the luminance data of the EWD was tested by
the colorimeter. Finally, collected luminance data was
transmitted to the computer, and Admesy software was used
to record the luminance data in real time.

Design of Driving Waveforms

The response time of EWDs depend on the design of driving
waveforms. Traditional driving waveforms generally used a pulse
width modulation (PWM) waveform with a voltage amplitude of
30 V. However, the traditional driving waveform has the
disadvantages of a long response time [11]. The proposed
driving waveform was composed of an overdriving stage and a
driving stage. In the overdriving stage, an overdriving voltage was
applied to increase the response speed of the oil, and the duration
of the overdriving time was called overdriving time. In the driving
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FIGURE 3| An Experimental platform. It was composed of a driving system and a testing system. (A) a function generator and a voltage amplifier (B) an EWD (C) a
computer (D) a colorimeter. The power data was the driving waveform from the voltage ampilifier. The luminance data was tested by the colorimeter, then it was recorded

TABLE 1 | Parameters of the EWD.

Panel size Qil color Resolution Pixel size
(cm?)
10 x 10 Purple 200 x 200 150 x 150
Voltage (V)
s

Overdriving stage

Overdriving voltage | . b
Driving stage

T —

Target voltage

Time (ms)

FIGURE 4 | The proposed driving waveform of EWDs in this paper. It

was composed of an overdriving stage and a driving stage. An overdriving
voltage was applied in the overdriving stage, and a target voltage was applied
in the driving stage.

stage, a target voltage was applied to achieve a target luminance,
and the target voltage was set to 30 V for comparing with the
PWM driving waveform. The proposed driving waveform was
shown in Figure 4. However, the response time and the
luminance of EWDs were affected by the charge trapping.
Therefore, the overdriving voltage and overdriving time need

Pixel wall Pixel wall Hydrophobic insulating
size (um?) height layer thickness
15 x 15 5.6 um 1um

to be determined by the experiment to achieve an optimal
performance.

The Effect of Overdriving Voltages

The effect of overdriving voltages was analyzed by testing the
response time and the luminance of the EWD. In the driving
waveform, overdriving voltages were set to 32V, 34 V,36 V,38 V,
and 40 V. The overdriving time was set to 4 ms. The luminance
rising curves of difference overdriving voltages were shown in
Figure 5. It can be seen that the luminance of the EWD was 181
when no voltage was applied. Then, the time which was required
by the luminance to rise from 181 to 345 was defined as the
response time. At the beginning of luminance rising curves, the
rising speed of luminance was becoming faster when the
overdriving voltage was increased. However, there were two
situations during the transition from the overdriving stage to
the driving stage. Specifically, the rising speed of luminance
remained unchanged when the overdriving voltages were 32V
and 34 V. On the contrary, the rising speed of luminance was
decreased when the overdriving voltages were 36 V, 38 V, and
40 V. The reason for this phenomenon was that the charge of the
electrode plate in the EWD can be increased rapidly when the
overdriving voltage was set higher than 34 V. At this time, the
voltage of the equivalent capacitance C in the EWD was greater
than the target voltage. So, a discharge process of the equivalent
capacitance was formed, and the luminance was decreased. In
addition, more charges would be trapped in the hydrophobic
insulating layer when the overdriving voltage was set higher than
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FIGURE 5 | The luminance rising curves of difference overdriving voltages. At the beginning, the rising speed of luminance was becoming faster when the
overdriving voltage was increased. Then, the rising speed of luminance was decreased when the overdriving voltage was set higher than 32 V. The shortest response
time was 26.39 ms when the overdriving voltage was 32 V.
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FIGURE 6 | The luminance of difference overdriving voltages. It was decreased when the overdriving voltage was increased. The highest luminance was 373.81
when the overdriving voltage was 32 V. The lowest luminance was 356.91 when the overdriving voltage was 40 V.

32 V. Therefore, the luminance was rose slowly in the driving  luminance of difference overdriving voltages was shown in
stage. It can be seen that the response time was prolonged when  Figure 6. It can be seen that the luminance was decreased
the overdriving voltage was increased. The shortest response time ~ when the overdriving voltage was increased. The highest
was 26.39ms when the overdriving voltage was 32V. The  luminance was 373.81 when the overdriving voltage was 32 V.
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FIGURE 7 | The luminance rising curves of difference overdriving times. At the beginning of the luminance rising curves, the rising speed of the luminance was
becoming faster when the overdriving time was increased. However, the rising speed of luminance was decreased during the transition from the overdriving stage to the
driving stage when the overdriving time was longer than 4 ms. The shortest response time was 26.39 ms when the overdriving time was 4 ms.
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FIGURE 8 | The luminance of difference overdriving times. The highest luminance was 373.81 when the overdriving time was 4 ms. The lowest luminance was
364.21 when the overdriving time was 10 ms.

At this time, the decrease of the electrostatic force caused by the ~ The Effect of Overdriving Times
charge trapping was less than the increase of the electrostatic =~ The effect of overdriving times was analyzed by testing the

force caused by overdriving voltages. Therefore, the overdriving  response time and luminance of the EWD. In the driving
voltage should be set to 32 V for achieving a better performance. ~ waveform, the overdriving voltage was set to 32V, and the
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FIGURE 9 | A PWM driving waveform. Its voltage amplitude, frequency
and duty cycle were 30 V, 1 Hz and 70% respectively.
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FIGURE 10 | The comparison of response times between the proposed
driving waveform and the PWM driving waveform. The red line represented the
proposed driving waveform, its response time was 26.39 ms. The black line
represented the PWM driving waveform, its response time was

37.31 ms.

overdriving times were set to 2 ms, 4 ms, 6 ms, 8 ms, and 10 ms. The
luminance rising curves of difference overdriving times were shown
in Figure 7. At the beginning of luminance rising curves, the rising
speed of luminance was becoming faster when the overdriving time
was increased. However, the rising speed of luminance was decreased
during the transition from the overdriving stage to the driving stage
when the overdriving time was increased. The reason for this
phenomenon was that more charges would be trapped in the
hydrophobic insulating layer when the overdriving time was
longer than 4 ms. Therefore, the luminance was rose slowly in the
driving stage. The shortest response time was 26.39 ms when the

380 F

Luminance (a.u.)

340 |

—— PWM driving waveform
Proposed driving waveform

320 1 1 1
100 120 140 160

Time (ms)

FIGURE 11 | The comparison of luminance between the proposed

driving waveform and a PWM driving waveform. The red line represented the
proposed driving waveform, its luminance was 373.81. The black line
represented the PWM driving waveform, its luminance was 364.35.

overdriving time was 4 ms. The luminance of difference overdriving
times was shown in Figure 8. The highest luminance was 373.81
when the overdriving voltage was 4 ms. At this time, the response
speed and luminance were increased by overdriving voltages.
Therefore, the overdriving time should be set to 4 ms for getting a
better performance.

Performance Testing

A PWM driving waveform was shown in Figure 9, and it was used to
compare with the proposed driving waveform [11, 15]. The voltage
amplitude, frequency and duty cycle of the PWM driving waveform
were 30 V, 1 Hz and 70% respectively. The overdriving voltage and
the overdriving time of the proposed driving waveform were 32V
and 4 ms respectively. The comparison of response time between the
proposed driving waveform and the PWM driving waveform was
shown in Figure 10. It can be seen that the response time of the
proposed driving waveform was shorter than that of the PWM
driving waveform. Specifically, the response time of the proposed
driving waveform was 26.39 ms, and the response time of the PWM
driving waveform was 37.31 ms. So, the response time was shortened
by 29.27%. The comparison of luminance between the proposed
driving waveform and the PWM driving waveform was shown in
Figure 11. The luminance of the proposed driving was 373.81, and
the luminance of the PWM driving waveform was 364.35. So, the
luminance was increased by 2.60%. In the EWD, the response time
and the luminance mainly depended on electrostatic force. The
electrostatic force of the EWD was increased by the overdriving
voltage in the proposed driving waveform. So, the response time can
be shortened and the luminance can be increased compared with the
PWM driving waveform.

CONCLUSION

In this paper, a driving waveform, which based on overdriving
voltages and charge trapping theory, was proposed to shorten the
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response time in EWDs. The relationship between driving voltage
and response time was established by a physical model of EWDs.
Then, the response speed of oil was increased by an overdriving
stage. In addition, a better performance of EWDs was achieved by
charge trapping theory, and an experimental platform was
developed to verify the effectiveness of the driving waveform.
The response time of EWDs was shortened by using the driving
waveform, which provided a certain reference for the application
and development of EWDs.
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