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Abstract: Three-color electrophoretic displays (EPDs) have the characteristics of colorful display,
reflection display, low power consumption, and flexible display. However, due to the addition of red
particles, response time of three-color EPDs is increased. In this paper, we proposed a new driving
waveform based on high-frequency voltage optimization and electrophoresis theory, which was used
to shorten the response time. The proposed driving waveform was composed of an activation stage,
a new red driving stage, and a black or white driving stage. The response time of particles was
effectively reduced by removing an erasing stage. In the design process, the velocity of particles
in non-polar solvents was analyzed by Newton’s second law and Stokes law. Next, an optimal
duration and an optimal frequency of the activation stage were obtained to reduce ghost images
and improve particle activity. Then, an optimal voltage which can effectively drive red particles
was tested to reduce the response time of red particles. Experimental results showed that compared
with a traditional driving waveform, the proposed driving waveform had a better performance.
Response times of black particles, white particles and red particles were shortened by 40%, 47.8%
and 44.9%, respectively.

Keywords: three-color electrophoretic displays; driving waveform; response time; reference grayscale;
high-frequency voltage

1. Introduction

As one of the most important media for human-computer interaction, displays are
playing an increasingly important role in our daily life. Electrophoretic electronic paper is
the most widely used reflective display due to advantages such as low power consumption,
paper-like reading experience, large viewing angle, and low mass [1-6]. However, multi-
color display cannot be achieved by traditional EPDs because only black particles and white
particles are encapsulated [7]. The application of this electronic paper technology is limited.
In 2018, a three-color EPD technology was proposed, which could solve the problem of
insufficient color in EPDs [8]. However, the three-color EPD has not been popularized, and
the poor performance of driving waveform is one important reason.

The driving waveform is a voltage sequence that can control the up and down move-
ment of particles in microcapsules [9-13]. The color displayed by pixels is determined by
the position of particles. When driving waveforms are applied to a three-color EPD, the
time for it to refresh from an original image to a target image is called the response time,
which can reflect the performance of the driving waveform [14,15]. An electric field model
of EPDs was proposed, which provided a theoretical basis for optimizing driving wave-
forms [16-18]. Some disadvantages of traditional EPDs have been solved by optimizing
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driving waveforms, such as long response time, flickers, and ghost images [19,20]. For
example, a driving waveform for shortening the response time of traditional EPDs was
proposed. The activation pattern of this driving waveform was changed to a high-frequency
voltage [21]. Flickers can be effectively reduced by high-frequency voltage. In addition,
another method to shorten the response time was proposed, but the relationship between
particle activity and voltage frequency was not discussed [22]. As for three-color EPDs,
red particles have larger volume and mass than black or white particles, so the response
time of red particles is long, which severely limits the application scenarios of three-color
EPDs [23]. Therefore, it is valuable to analyze the force on particles and propose a new
driving waveform. In order to realize high-performance three-color EPDs, many driving
waveforms have been proposed. A damped oscillation waveform was proposed to separate
red particles and black particles to improve red saturation, but the response time of red
particles was increased [24]. The reference grayscale was optimized by a driving waveform,
which can reduce the response time of black particles and white particles. But the response
time of red particles was not reduced [25]. Moreover, a driving waveform for shortening
red particle response time was proposed. The distance between particles and electrode
plate was adjusted to obtain an optimal reference grayscale [26]. These driving waveforms
can only reduce the response time of specific particles and are not universal, but they
provide a reference direction to design a new driving waveform with high performance.
In order to realize the fast response of three-color EPDs, a driving waveform based
on high-frequency voltage was proposed in this study. Using Stokes law and Newton’s
second law, the forces on particles in microcapsules were analyzed. The optimal frequency
and duration of the activation stage were the designed to improve particles activity. At the
same time, flickers and ghost images can be reduced by the proposed driving waveform.

2. Principle of Three-Color EPDs

The structure of three pixels of three-color EPDs is shown in Figure 1. They are pre-
pared based on microcapsule technology. Non-polar solvents, black particles, red particles,
and white particles are encapsulated in microcapsules [27,28]. Microcapsules are sand-
wiched between a pixel electrode plate and a common electrode plate [29]. Compared with
the traditional color EPD realized by a layered structure, this structure can achieve higher
luminance [30,31]. Three kinds of particles in microcapsules have different sizes, polarities,
and electric charges. The white particles are negatively charged, and the black and red
particles are positively charged. Therefore, particles have different mobility and threshold
voltages. Different colors can be displayed by applying different driving waveforms [32].
As shown on the right in Figure 1, when it is driven by a negative polarity voltage, white
particles move to the top of microcapsule, and the pixel displays white. As shown on the
left in Figure 1, when it is driven by a high positive polarity voltage, black particles are
closer to the top of microcapsule than the red particles, so the pixel displays black. In
contrast, as shown in the middle in Figure 1, when it is driven by a low positive polarity
voltage, the pixel displays red. Particles remain motionless when no voltage is applied [33].
The image of three-color EPDs can be perfectly preserved for a long time.

As one of the most critical technologies of this new electrophoretic technology, the
driving waveform directly affects the motion state of particles. Therefore, it is necessary
to analyze the force on particles in microcapsules to optimize the driving waveform. In
microcapsules, the density of particles is approximately equal to that of the non-polar
solvents, which can prevent sedimentation of particles. Gravity and buoyancy of particles
cancel out. Therefore, particles are affected by the combined viscous force of non-polar
solvents and the electric field force. The acceleration of particles can be calculated according
to Newton’s second law, as shown in Equation (1).

Ug dv
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where F is the resultant force; U is the voltage applied to applied to pixels in real time; g is
the amount charge of a particle; d is the distance between the pixel electrode plate and the
common electrode plate; # is the liquid viscosity coefficient; v, R, m are the speed, sphere
radius, and mass of the particle, respectively; a is the acceleration of the particle; and ¢ is
the duration of the voltage applied to two electrode plates. When the initial condition of
the particle is static, the relationship between v and f can be calculated by Equation (1), as
shown in Equation (2).
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Figure 1. A schematic diagram of a three-color EPD. Each pixel is composed of non-polar solvents,
white particles, red particles, black particles, a pixel electrode plate, and a common electrode plate.
The color displayed by pixels depends on the applied voltage. The color is white when the voltage is
negative polarity. The color is black when the voltage is high positive polarity. The color is red when
the voltage is low positive polarity.

The relationship between the distance of particle movement and f can be obtained by
integrating the velocity; as shown in Equation (3).

_ . Ug m__6mR, qUm
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where s is the distance of particle movement. It can be seen that s is proportional to t. In
addition, the inertia of a particle is small and can be ignored. Therefore, when a high-
frequency voltage is applied, particles are driven to oscillate in a certain range. The higher
the frequency, the smaller the oscillation range of particles.

3. Experimental Results and Discussion
3.1. Experimental Platform

An optical experimental platform was developed by us to test performance of a
traditional driving waveform and the proposed driving waveform. It can record red
saturation and luminance value. The response time of red particles can be characterized by
red saturation. The response time of black particles and white particles can be characterized
by luminance. The platform consisted of a computer (H430, Lenovo, Beijing, China),
a function generator (AFG3022C, Tektronix, Beaverton, OR, USA), a voltage amplifier
(ATA-2022H, Agitek, Xi’an, China), and a colorimeter (Arges-45, Admesy, Ittervoort, The
Netherlands). The three-color EPD was designed by us, and it was used as a test object in
this experiment.

The workflow of the entire experiment is shown in Figure 2. First, software packages
MATLAB and Arbexpress were used to edit driving waveforms and generate tfw format
files, which are recognized by the function generator. Second, a universal serial bus (USB)
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was used to transmit the files to the function generator. The voltage amplifier was then
used to amplify voltage to drive the three-color EPD. Finally, the colorimeter was placed
on the three-color EPD during the experiment and Admesy software was used to collect
and record luminance value and red saturation in real time.

c . Driving waveform fF p . )
l omputer » Function generator

A

Data Power data

Image Power data -
Colorimeter Three-color EPD Signal amplifier

Figure 2. Flow chart of luminance value and red saturation data acquisition.

3.2. Driving Waveform Design

As shown in Figure 3, the four stages of the traditional driving waveform of three-
color EPDs are as follows: an erasing stage, an activating stage, a red driving stage, and a
black or white driving stage [34,35]. An original image can be erased by a —15 V voltage
in the erasing stage. In the activating stage, a four-cycle square wave with a period of
340 ms and an amplitude of 30 V are used to activate particles. The activating stage and the
erasing stage take a long time, which lead to a long response time of particles. A number
of flickers are caused by alternating positive and negative voltages in the activation stage.
Its commercial value is seriously affected due to these disadvantages. Therefore, a new
driving waveform that can reduce flickers and shorten the response time is needed.

UV Erasing Activation Red driving Black or white
i driving
15V
Vr
ov »
T/t
-5V
Ty Ty Trs Tp,

Figure 3. A schematic diagram of the traditional driving waveform. Its four parts are as follows: the
first part is an erasing stage, the second part is an activation stage, the third part is a red driving stage,
and the fourth part is a black or a white driving stage. The variable Vy is the driving voltage of red
particles, and Tgy, Ta1, Tr1, and Tp; are the duration of the erasing stage, the activation stage, the
red driving stage, and the black or white driving stage, respectively.

As shown in Figure 4, the three stages of the proposed driving waveform of three-color
EPDs are as follows: an activating stage, a new red driving stage, and a black or white
driving stage. Compared with Figure 3, the erasing stage is removed and the response
time of particles is reduced. According to Equation (3), particles oscillate within a certain
range when the voltage frequency is high. The grayscale is gradually driven to a certain
value. Ghost images can be effectively reduced. After the activation stage, black particles
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are in the middle of microcapsules. Low red saturation is caused if red particles are driven
directly. Therefore, a reference grayscale optimization voltage is added to the new red
driving stage, and red particles can be driven by the positive polarity voltage in this stage.
The black or white driving stage is the same as the traditional driving waveform.

U/V 4 Activation New red driving Black or white driving
15V
Vr
(X X
0V \
T/t
-15V
1:4_7 T X T R2 T D2

Figure 4. A schematic diagram of the proposed driving waveform. Its three parts are as follows: the
first part is an activating stage, the second part is a new red driving stage, and the third part is a
black or white driving stage. The variable Vy is the driving voltage of red particles, and Tay, Tx, Tr2,
and Tp; are the duration of the activation stage, the optimized reference grayscale in the red driving
stage, the driving red particles in the red driving stage, and the duration of the black or white driving
stage, respectively.

3.3. Frequency Optimization of Activation Stage

In order to maximize particle activity after the activation stage, the optimal voltage
frequency in this stage needs to be tested. When the voltage frequency is low, the alternating
positive and negative voltages cause a number of flickers in the three-color EPD. The
obvious flickers can be detected by the human eye when the voltage frequency is less than
50 Hz. Therefore, high-frequency voltages with frequency of 50 Hz to 150 Hz were applied
to the three-color EPD. The value of T4, was set to 2000 ms. The activity of particles can be
represented by the response time.

The response time of black and white particles are shown in Figure 5a,b, respectively.
The error bars were obtained by three repeated experiments. It can be proved that the
voltage frequency was directly proportional to the response time. When the frequency
was 50 Hz, the response time was the shortest and the activity of particles was the highest.
When the frequency was too high, the duration of positive and negative voltages in a cycle
was extremely short. Particles oscillated in a very small range according to Equation (3),
which led to insufficient activation of particles. Therefore, the optimal frequency for the
activation stage was set to 50 Hz.

3.4. Duration Optimization of Activation Stage

As for the proposed driving waveform, the activation stage plays an important role
in reducing ghost images because the erasing stage is removed. Hence, the optimal T4,
needs to be determined. The frequency of this stage was set to 50 Hz, and T4, was set to
2000 ms to ensure that ghost images were eliminated. Initial states of the three-color EPD
were set to black, red, and white. In different initial states, the luminance changed with
activation time are shown in Figure 6. The experimental results showed that when T4, was
shorter than 660 ms, the luminance of the black initial state and the red initial state could be
increased, and the luminance of the white initial state could be decreased. The luminance
oscillated in a small range when T4, was longer than 660 ms. All pixels were driven to a
uniform grayscale when T4, was 660 ms, which proved that ghost images can be effectively
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reduced. Therefore, in order to reduce ghost images and minimize the response time of
particles, T4, was set to 660 ms.
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Figure 5. The response time of particles when they were activated by different frequency voltages.
The frequency was directly proportional to the response time. The error bars were obtained by three
repeated experiments. (a) The response time of black particles was 2256 ms when the frequency was
50 Hz. (b) The response time of white particles was 2476 ms when the frequency was 50 Hz.
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Figure 6. The luminance value of the three-color EPD changed with T4, in different initial colors.
The luminance value tended to a stable value when T4, was longer than 660 ms.

3.5. Driving Voltage Optimization of Red Particles

The traditional driving waveform was used in this experiment. The effect of direct
current (DC) voltage on red particles was tested. The value of Tr; was set to 500 ms, and
the Vgs were set to 1 V to 5 V. The red saturation changes with Vp is shown in Figure 7.
The error bars were obtained by three repeated experiments. The result showed that the
red saturation was directly proportional to Vg when Vi was increased from 1V to 3.5 V.
This phenomenon proved that red particles cannot be driven when Vi was lower than the
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threshold voltage of red particles. However, the red saturation was inversely proportional
to Vg when Vr was increased from 3.5 V to 5 V. The voltage exceeded the threshold voltage
of black particles. Therefore, black particles were also driven to the common electrode
plate, which causes the red saturation to decrease. Red particles can be effectively driven
when the Vs were set to 3V, 3.5V, and 4 V. The red saturation reached 0.55, 0.56, and
0.51, respectively.

0.7

=
=]
T

Red saturation (a.u.)
=)

0.0 0.5 10 L5 20 25 30 3.5 40 45 50 55 6.0
Voltage (Hz)

Figure 7. The red saturation changed with Vr when the three-color EPD was driven by a traditional
driving waveform. The error bars were obtained by three repeated experiments. Red particles cannot
be driven when Vi was too low, and black particles were also driven to the common electrode plate
when Vi was too high. Red particles can be effectively driven when the Vz s weresetto3V, 3.5V,
and 4 V.

3.6. New Red Driving Stage Optimization

In order to shorten response time of red particles and improve red saturation, the new
red driving stage was optimized in two aspects: Tx and V. The frequency of the activation
stage was set to 50 Hz; T4, was set to 660 ms; the Txs were set to 0 ms to 150 ms; and
the Vrs were set to 3V, 3.5V, and 4 V. The time when the red saturation of pixels reached
0.5 was called the response time of red particles. The influence of different Txs and Vgs
on the response time is shown in Figure 8. The error bars were obtained by five repeated
experiments. The results showed that the response time of red particles was negatively
correlated with Vg. According to Equation (2), the particle velocity is directly proportional
to the voltage. The higher the Vg, the shorter the response time. The color displayed by
pixels were a superposition of black and red when Tx was less than 50 ms. Therefore,
black particles were still close to the common electrode plate, and the red saturation cannot
reach 0.5. The response time of red particles was also directly proportional to Tx. This was
because as T increased, the red particles moved to the pixel electrode plate. In conclusion,
the optimal Tx and Vx were set to 50 ms and 4 V, respectively.

3.7. Performance of the Proposed Driving Waveform

The performance of the proposed driving waveform and the traditional driving wave-
form was compared in a series of experiments. As for the traditional driving waveform,
the parameters of each stage needed to be tested. The value of Tr; was determined by
Equation (4) when the target color was red, or it was equal to Tp; when the target color
was black or white; Vi was set to 4 V; the Trqs were set to 2000 ms to 4000 ms; and the Tpis
were set to 100 ms to 600 ms. As shown in Figures 9 and 10, the error bars were obtained by
five repeated experiments. As the driving time increased, the minimum luminance value
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Luminance (a.u.)

was 3.67 when the three-color EPD was driven to black, the maximum luminance value
was 40.8 when it was driven to white, and the maximum red saturation was 0.51 when it
was driven to red. However, the luminance and red saturation tended to be saturated with
the increase of driving time. Therefore, the optimal Tr1 and Tpj were set to 3000 ms and
500 ms, respectively.

15TE1 = VR X TAl (4)
5.5
——V,=3V
.0F —e—V,=35V
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-~ 4.5
<
(7]
£}
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Figure 8. The response time of red particles changed with Vi and Tx. The error bars were obtained
by five repeated experiments. The response time was directly proportional to Tx and inversely
proportional to V. The optimal response time was 2.53 s when Vi was 4 V and Tx was 50 ms.

Luminance (a.u.)
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Figure 9. The luminance value changed with Tp;; the error bars were obtained by five repeated
experiments. (a) The luminance value when the three-color EPD was driven to black. (b) The
luminance value when it was driven to white.
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Figure 10. The red saturation changed with Tgy; the error bars were obtained by five repeated
experiments. The red saturation was 0.5 when Tr; was 3000 ms.

When the three-color EPD was driven by the two driving waveforms, the color of each
stage is shown in Figure 11, and flickers and the response time of particles can be seen
in Figure 12. Black curves represent the change process of luminance or red saturation
when the traditional driving waveform was used, and red curves represent the change
process of luminance or red saturation when the proposed driving waveform was used.
The results show that when it was driven by the traditional driving waveform, the response
time of black particles was 2.2 s, the minimum luminance value was 3.8, and the number of
flickers was 9. The response time of white particles was 2.53 s, the maximum luminance
value was 40.5, and the number of flickers was 9. The response time of red particles was
5.39 s, the maximum red saturation was 0.5, and the number of flickers was 9. When the
proposed driving waveform was applied, the response time of black particles was 1.32 s,
the minimum luminance value was 2.85, and the number of flickers was 1. The response
time of white particles was 1.32 s, the maximum luminance value was 42.2, and the number
of flickers was 2. The response time of red particles was 2.97 s, the maximum red saturation
was 0.55, and the number of flickers was 1. Therefore, it was proved that the response time
and flickers can be effectively reduced by the proposed driving waveform. Compared with
the traditional driving waveform, the response time was shortened by 40% and the number
of flickers was reduced by 88.9% when the target color was black; the response time was
shortened by 47.8% and the number of flickers was reduced by 77.8% when the target color
was white; and the response time was shortened by 44.9% and the number of flickers was
reduced by 88.9% when the target color was red.
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Figure 11. The color of each stage when the three-color EPD was driven by the two driving waveforms.

(a) It was driven to black by the traditional driving waveform. (b) It was driven to white by the

traditional driving waveform. (c) It was driven to red by the traditional driving waveform. (d) It

was driven to black by the proposed driving waveform. (e) It was driven to white by the proposed

driving waveform. (f) It was driven to red by the proposed driving waveform.
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Figure 12. Luminance and red saturation changed with driving time when the three-color EPD was

driven by the two driving waveforms. (a) The luminance value changed with driving time when it

was driven to black. (b) The luminance value changed with driving time when it was driven to white.

(c) The luminance value changed with driving time when it was driven to red. (d) The red saturation

changed with driving time when it was driven to red.
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4. Conclusions

In this paper, a new driving waveform based on high-frequency voltage was proposed.
The response time of particles was effectively reduced because the erasing stage was re-
moved. In addition, the activation stage was optimized to activate particles. The frequency
of the activation stage was high and human eyes could not detect flickers. Therefore,
flickers and ghost images were reduced. Compared with the tradition driving waveform,
response time of three-color EPDs can be effectively shortened. It can provide new ideas
for the research of three-color EPDs and provide users with a better visual experience.

Author Contributions: H.Z. designed this project. Z.Y. wrote the initial draft of the manuscript. L.L.
and F.C. carried out most of the experiments and data analysis. Y.H. and S.H. revised the paper.
Y.M. and L.W. gave suggestions on project management and provided helpful discussions on the
experimental results. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (no.
62105056), the Engineering Technology Research Center of Colleges and Universities in Guang-dong
Province (no. 2021GCZX005), the Innovation Team of Colleges and Universities in Guang-dong
Province (no. 2021KCXTDO040), the Key Field Project of Colleges and Universities in Guangdong
Province (no. 2020ZDZX3083), the Key Social Welfare and Basic Research Project of Zhongshan City
(no. 2020B2021), the High Level Talent Research Project in Zhongshan Polytech-nic (no. KYG2104),
the Construction Project of Professional Quality Engineering in 2020 (no. YLZY202001), the 2018
Characteristic Innovation Project of Guangdong Province (no. 2018KTSCX290), and the 2019 Social
Public Welfare Project of Zhongshan City (no. 2019B2027), the Guangdong Basic and Applied Basic
Research Foundation (no. 2020A1515010420).

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Heikenfeld, J.; Drzaic, P; Yeo, ].S.; Koch, T. Review Paper: A critical review of the present and future prospects for electronic
paper. J. Soc. Inf. Disp. 2011, 19, 129-156. [CrossRef]

2. Lee, J.K;Kim, S.S; Park, Y.I; Kim, C.D.; Hwang, Y.K. In-cell adaptive touch technology for a flexible e-paper display. Solid-State
Electron. 2011, 56, 159-162. [CrossRef]

3. Shen, S.T.; Gong, Y.X,; Jin, M.L.; Yan, Z.B.; Xu, C; Yi, Z.C.; Zhou, G.E; Shui, L.L. Improving electrophoretic particle motion control
in electrophoretic displays by eliminating the fringing effect via driving waveform design. Micromachines 2018, 9, 143. [CrossRef]

4. He, WY, Yi, Z.C; Shen, S.T.; Huang, Z.Y.; Liu, LW,; Zhang, T.Y.; Li, W. Driving waveform design of electrophoretic display based
on optimized particle activation for a rapid response speed. Micromachines 2020, 11, 498. [CrossRef]

5. Zeng, WJ,;Yi, Z.C.; Zhao, YM.; Zeng, W.B.; Ma, S.M.; Zhou, X.C.; Feng, H.Q. Design of Driving Waveform Based on Overdriving
Voltage for Shortening Response Time in Electrowetting Displays. Front. Phys. 2021, 9, 642682. [CrossRef]

6. Jin, M.L,; Shen, S.T.; Yi, Z.C.; Zhou, G.E; Shui, L.L. Optofluid-Based Reflective Displays. Micromachines 2018, 9, 159. [CrossRef]

7. Comiskey, B.; Albert, ].D.; Yoshizawa, H.; Jacobson, J. An electrophoretic ink for all-printed reflective electronic displays. Nature
1998, 394, 253-255. [CrossRef]

8. Kao, W.C.; Tsai, J.C. Driving Method of Three-Particle Electrophoretic Displays. IEEE Trans. Electron Devices 2018, 65, 1023-1028.
[CrossRef]

9. Yi, Z,;Shui, L.; Wang, L.; Jin, M.; Hayes, R.; Zhou, G. A novel driver for active matrix electrowetting displays. Displays 2015, 37,
86-93. [CrossRef]

10. Cao, J.X.; Qin, Z.; Zeng, Z.; Hu, WJ.; Song, L.Y,; Hu, D.L.; Wang, X.D.; Zeng, X.; Chen, Y.; Yang, B.R. A convolutional neural
network for ghost image recognition and waveform design of electrophoretic displays. IEEE Trans. Consum. Electron. 2020, 66,
356-365. [CrossRef]

11.  Qin, Z.; Wang, H.L; Chen, Z.Y.; Chen, C.H,; Tien, P.L.; Liu, M.H; Liu, S.C.; Hung, C.M.; Tsai, C.C.; Huang, Y.P. Digital halftoning
method with simultaneously optimized perceptual image quality and drive current for multi-tonal electrophoretic displays. Appl.
Opt. 2020, 59, 201-209. [CrossRef]

12.  Yang, S.H.; Lin, EC.; Huang, Y.P; Shieh, HP.D.; Yang, B.R.; Chang, M.].; Huang, ].C.; Hsieh, Y.J. P-83: Ghosting reduction driving
method in electrophoretic displays. SID Int. Symp. Dig. Tech. Pap. 2012, 43, 1361-1364. [CrossRef]

13. Yi, Z.C.; Liu, LW, Wang, L.; Li, W.; Shui, L.L.; Zhou, G.F. A Driving System for Fast and Precise Gray-Scale Response Based on
Amplitude-Frequency Mixed Modulation in TFT Electrowetting Displays. Micromachines 2019, 10, 732. [CrossRef]

14. Lu, CM.; Wey, C.L. A controller design for high-quality images on microcapsule active-matrix electrophoretic displays. J. Inf.

Disp. 2012, 13, 21-30. [CrossRef]


http://doi.org/10.1889/JSID19.2.129
http://doi.org/10.1016/j.sse.2010.10.008
http://doi.org/10.3390/mi9040143
http://doi.org/10.3390/mi11050498
http://doi.org/10.3389/fphy.2021.642682
http://doi.org/10.3390/mi9040159
http://doi.org/10.1038/28349
http://doi.org/10.1109/TED.2018.2791541
http://doi.org/10.1016/j.displa.2014.09.004
http://doi.org/10.1109/TCE.2020.3032682
http://doi.org/10.1364/AO.59.000201
http://doi.org/10.1002/j.2168-0159.2012.tb06057.x
http://doi.org/10.3390/mi10110732
http://doi.org/10.1080/15980316.2011.650865

Micromachines 2022, 13, 59 12 of 12

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yi, Z.C.; Zhang, H.; Zeng, W.J.; Feng, H.Q.; Long, Z.X; Liu, L M.; Hu, Y.F; Zhou, X.C.; Zhang, C.F. Review of Driving Waveform
for Electrowetting Displays. Front. Phys. 2021, 9, 728804. [CrossRef]

Zhang, Y.P,; Zhen, B.; Al-shuja’a, S.A.S.; Zhou, G.Y;; Li, X.G.; Feng, Y.Q. Fast-response and monodisperse silica nanoparticles
modified with ionic liquid towards electrophoretic displays. Dye Pigment. 2018, 148, 270-275. [CrossRef]

Yi, Z.C; Feng, H.Q.; Zhou, X.F; Shui, L.L. Design of an Open Electrowetting on Dielectric Device Based on Printed Circuit Board
by Using a Parafilm M. Front. Phys. 2020, 8, 193. [CrossRef]

Li, W; Wang, L.; Zhang, T.Y,; Lai, S.F; Liu, LW.; He, W.Y.; Zhou, G.F; Yi, Z.C. Driving Waveform Design with Rising Gradient
and Sawtooth Wave of Electrowetting Displays for Ultra-Low Power Consumption. Micromachines 2020, 11, 145. [CrossRef]
Zhang, Y.P; Zhen, B.; Li, RN.; Meng, S.X,; Li, X.G.; Feng, Y.Q. Low density and fast response silica coated with ionic liquid
polymer nanoparticles towards electrophoretic displays. Mater. Lett. 2018, 211, 17-20. [CrossRef]

Wang, L.; Yi, Z.C.; Jin, M.L.; Shui, L.L.; Zhou, G.F. Improvement of video playback performance of electrophoretic displays by
optimized waveforms with shortened refresh time. Displays 2017, 49, 95-100. [CrossRef]

Yi, Z.C,; Bai, PF; Wang, L.; Zhang, X.; Zhou, G.F. An electrophoretic display driving waveform based on improvement of
activation pattern. J. Cent. South Univ. 2014, 21, 3133-3137. [CrossRef]

Duan, EB.; Bai, P.F,; Henzen, A.; Shui, L.L.; Tang, B.A.; Zhou, G.F. An adaptive generation method for electrophoretic display
driving waveform design. J. Soc. Inf. Disp. 2016, 24, 676—685. [CrossRef]

Kao, W.C.; Chen, H.Y;; Liu, Y.H.; Liou, S.C. Hardware Engine for Supporting Gray-Tone Paintbrush Function on Electrophoretic
Papers. J. Disp. Technol. 2014, 10, 137-145. [CrossRef]

Yi, Z.; Zeng, W.; Ma, S.; Feng, H.; Zeng, W.; Shen, S.; Shui, L.; Zhou, G.; Zhang, C. Design of driving waveform based on a
damping oscillation for optimizing red saturation in three-color electrophoretic displays. Micromachines 2021, 12, 162. [CrossRef]
[PubMed]

Zhang, H.; Yi, Z.C.; Ma, S.M.; Deng, S.N.; Zhou, W.B.; Zeng, W.J.; Liu, LM.; Chi, F; Hu, Y.E; Zhang, C.F; et al. Design of
Driving Waveform for Shortening Response Time of Black Particles and White Particles in Three-Color Electrophoretic Displays.
Micromachines 2021, 12, 1306. [CrossRef]

Zeng, WJ].; Yi, Z.C.; Zhou, X.C.; Zhao, Y.M.; Feng, H.Q.; Yang, ] J.; Liu, L.M.; Chi, F,; Zhang, C.F,; Zhou, G.F. Design of Driving
Waveform for Shortening Red Particles Response Time in Three-Color Electrophoretic Displays. Micromachines 2021, 12, 578.
[CrossRef] [PubMed]

Zhang, C.F; Yi, Z.C.; de Rooij, N.; Zhou, G.F; Gravina, R. Editorial: Modeling and Applications of Optoelectronic Devices for
Access Networks. Front. Phys. 2021, 9, 678269. [CrossRef]

Seki, T.; Yagai, S.; Karatsu, T.; Kitamura, A. Formation of Supramolecular Polymers and Discrete Dimers of Perylene Bisimide
Dyes Based on Melamine—Cyanurates Hydrogen-Bonding Interactions. J. Org. Chem. 2008, 9, 3328-3335. [CrossRef] [PubMed]
Wang, W.; Zheng, A.; Jiang, Y.F; Lan, D.S.; Lu, EH.; Zheng, L.L.; Zhuang, L.; Hong, R.J. Large-scale preparation of size-controlled
Fe304@Si0, particles for electrophoretic display with non-iridescent structural colors. RSC Adv. 2019, 9, 498-506. [CrossRef]
Christophersen, M.; Phlips, B.F. Recent patents on electrophoretic displays and materials. Recent Pat. Nanotechnol. 2010, 4, 137-149.
[CrossRef]

Liu, LW,; Bai, PF; Yi, Z.C.; Zhou, G.F. A Separated Reset Waveform Design for Suppressing Oil Backflow in Active Matrix
Electrowetting Displays. Micromachines 2021, 12, 491. [CrossRef]

Kim, ].M.; Kim, K.; Lee, SSW. Multilevel driving waveform for electrophoretic displays to improve grey levels and response
characteristics. Electron. Lett. 2014, 50, 1925-1927. [CrossRef]

Johnson, M.T.; Zhou, G.E; Zehner, R.; Amundson, K.; Henzen, A.; VandeKamer, J. High-quality images on electrophoretic
displays. J. Soc. Inf. Disp. 2006, 14, 175-180. [CrossRef]

Bert, T.; De Smet, H.; Beunis, F; Neyts, K. Complete electrical and optical simulation of electronic paper. Displays 2006, 27, 50-55.
[CrossRef]

Cho, K.Y. An Analysis of Reflectivity and Response Time by Charge-to-Mass of Charged Particles in an Electrophoretic Display.
Trans. Electr. Electron. Mater. 2016, 17, 212-216. [CrossRef]


http://doi.org/10.3389/fphy.2021.728804
http://doi.org/10.1016/j.dyepig.2017.09.014
http://doi.org/10.3389/fphy.2020.00193
http://doi.org/10.3390/mi11020145
http://doi.org/10.1016/j.matlet.2017.09.071
http://doi.org/10.1016/j.displa.2017.07.007
http://doi.org/10.1007/s11771-014-2285-9
http://doi.org/10.1002/jsid.512
http://doi.org/10.1109/JDT.2013.2289364
http://doi.org/10.3390/mi12020162
http://www.ncbi.nlm.nih.gov/pubmed/33562290
http://doi.org/10.3390/mi12111306
http://doi.org/10.3390/mi12050578
http://www.ncbi.nlm.nih.gov/pubmed/34069735
http://doi.org/10.3389/fphy.2021.678269
http://doi.org/10.1021/jo800338f
http://www.ncbi.nlm.nih.gov/pubmed/18393529
http://doi.org/10.1039/C8RA08352E
http://doi.org/10.2174/187221010792483672
http://doi.org/10.3390/mi12050491
http://doi.org/10.1049/el.2014.3671
http://doi.org/10.1889/1.2176120
http://doi.org/10.1016/j.displa.2005.10.001
http://doi.org/10.4313/TEEM.2016.17.4.212

	Introduction 
	Principle of Three-Color EPDs 
	Experimental Results and Discussion 
	Experimental Platform 
	Driving Waveform Design 
	Frequency Optimization of Activation Stage 
	Duration Optimization of Activation Stage 
	Driving Voltage Optimization of Red Particles 
	New Red Driving Stage Optimization 
	Performance of the Proposed Driving Waveform 

	Conclusions 
	References

