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An electrophoretic display (EPD) is a kind of paper display technology, which has the
advantages of ultra-low power consumption and readability under strong light. However, in
an EPD-driving process, four stages are needed to finish the driving of a pixel erase original
images, reset to black state, clear-to-white state, and write a new image. A white reference
gray scale can be obtained before writing a new image, and this driving process may take
too long for the comfort of reading. In this article, an EPD-driving waveform, which takes
the black state as the reference gray, is proposed to reduce the driving time. In addition,
the rules of direct current (DC) balance are also followed to prevent the charge from getting
trapped in the driving backplane. The driving process is fused and there are two stages in
the driving waveform: reset to black state and write the next image. First, the EPD is written
to a stable black state according to the original gray scale driving waveform and the black
state is used as the reference gray for the next image. Second, the new image is written by
the second stage of the new driving waveform. The experimental results show that the
proposed driving waveform has a better performance. Compared with the traditional
driving waveform which has four stages, the driving time of the new driving waveform is
reduced by nearly 50%.
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INTRODUCTION

EPD has become the most widely used paper-like display due to its good market potential. As a
reflective display technology, the light reflection characteristic provides it with a paper-like
comfortable reading experience [1–4]. In addition, EPDs also have the advantages of ultra-low
power consumption and a good bistable characteristic [5, 6]. Therefore, EPDs have been widely used
in electronic labels, e-books, etc. But video playback cannot be achieved due to the long response time
of EPDs [7]. Particles in microcapsules of EPDs are driven by voltages, and pixels can display
different gray scales by adjusting the position of particles [7–10]. The voltage sequence which can
drive particles to display gray scales is called the driving waveform. Hence, it is of great significance to
reduce the response time and improve the display effect by optimizing the driving waveform design
[11, 12].

A traditional driving waveform can be divided into four stages: erasing the original image,
resetting to the black state, clearing to the white state, and writing a new image [13–15]. When a
particle is in a same position for a long time, its mobility is much lower than that of other particles.
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The particle activity can be improved by resetting to the black
state and clearing to the white state [16–18]. This driving process
may be continued from hundreds of milliseconds to 1 s [19, 20].
Therefore, there are some scholars who have conducted a series of
research on the driving waveform, and some principles and
methods of driving waveform editor are put forward to
shorten the driving time or reduce flickers. Kao et al. [21]
studied the property of the suspension viscosity, characterized
the response latency of the EPD, and put forward a new driving
waveform, which set the white gray scale as a reference gray scale,
to shorten the driving time and reduce the number of flickers.
However, the proposed driving method did not take into account
an important factor-DC balance. Moreover, the reference gray
scale is unstable. Wang et al. [22] used four kinds of screen update
modes to update the EPD according to different images, and it
could improve the update speed. However, the form of driving
waveforms in four modes was not changed, and it could not
improve the refresh speed fundamentally. In a traditional driving
waveform, stages of resetting to the black state and clearing to the
white state are longer than the other two stages [23, 24], so some
scholars have studied new driving schemes to reduce the driving
time of these two stages. Yi et al. [25] found that high-frequency
voltage can be used to activate particles, and the new driving

waveform could effectively reduce the ghost image and flicker.
But it is difficult to get a stable gray scale display. He et al. [26]
proposed a driving waveform based on the optimization of
particle activation by analyzing the electrophoresis
performance of particles. It can effectively reduce the driving
time. However, the DC balance is not considered in the design of
the driving waveform, which may cause damage to the EPD [27].

In this article, a new driving waveform, which is based on the
black reference gray, is proposed to reduce the driving time. The
new driving waveform obeys the rule of DC balance and is
divided into two stages: reset to black state and write the new
image. The first stage is used to get an accurate reference gray, and
some principles are proposed to get a uniform reflectance value
for black state at the same time. The second stage is used to write a
new gray value by comparing it with the black reference gray.

MICROENCAPSULATED EPD SYSTEM

The introduction of microcapsule technology is an important
breakthrough in EPD technology. There are two kinds of particles
in a microcapsule [28]. Here, the microcapsule is a pixel in EPD.
It solves the long-term display instability problem in EPD. The

FIGURE 1 | The structure of a microcapsule EPD. (A) An enlargement image of microcapsules in an EPD. (B) EPD model.
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movement and aggregation of particles are limited in
microcapsules, and the different gray scales could be realized
by controlling the voltage which is applied on electrodes. In the
display process, the white SiO2 particles of the EPD are charged
with a negative charge and black carbon particles are charged
with a positive charge. The structure of an EPD is shown in
Figure 1. In Figure 1A, the electrode of a pixel in the upper left
part is provided with a negative voltage and the positively charged
white particles move upward, the EPD shows white, the lower
right part is provided with a positive voltage and the negatively
charged black particles move upward, and the EPD shows black.

In the interior of a microcapsule, as is shown in Figure 1B, in
order to ensure the good electrophoretic performance of
electrophoretic particles, a charged control agent is injected
into the display capsule, which can effectively prevent the
accumulation of charged particles and deposit on the capsule
wall. The display particles in the capsule are mainly affected by
gravity, buoyancy, electric power, and the viscosity of nonpolar
solvent. In order to avoid the settlement of display particles,
gravity is equal to buoyancy, as shown in Eq. 1.

[(3m − 4πR3ρ)g
3

] � 0 . (1)

Here, m is the mass of a particle, R is the radius of a particle, ρ is
the density of nonpolar solvents, and g is the gravity constant. The
electric force can be expressed by Eq. 2.

FE
�→ � q E

→+ m→∇ E
→+ 1

6
∇(Q→: ∇ E

→) + O(∇3E) . (2)

Here, FE
�→

is the electric force, q is the charge of the particle, E
→

is
electric field, and Q

→
is the total charge of particles. The first term

of Eq. 2 is the Coulomb interaction between particles and electric
field, and the other term is the interaction of dielectric
polarization components induced by particles. The viscosity
can be expressed by Eq. 3 [29, 30].

FS
→ � 6πηR v→ . (3)

Here, FS
→

is the viscosity, η is the viscosity coefficient of the
nonpolar solvent, and v→ is the velocity of the particle. v→ can be
obtained by solving Eq. 3, and it is shown in Eq. 4 [31].

v→ � qFE
�→

6πηR
(1 ± e

−
6πηRt
m ) . (4)

In general, the charged particle zeta potential could reach a level
which could make a particle whose radius is 1 μm with 50–100
charges by using the charge control agent, at the same time, the
electrophoretic mobility reaches 10−4 − 10−5 cm2/Vs. The
expression of response time is shown as Eq. 5.

T � 6πd2η
Vξε

, (5)

where T is the response time, d is the distance between the
common electrode and the pixel electrode, V is the voltage
applied between two kinds of electrodes, ξ is the particle zeta
potential, and ε is the dielectric constant of suspension liquid.

Generally speaking, the voltage of the driving waveform could be
set as 15, 0, or −15 V, and the EPD may spend 1 s or so on
updating the image.

RESULTS AND DISCUSSION

Particle Performance Analysis
In the process of driving particles, the EPD may not display a
desired gray scale if we drive particles to realize gray scales
directly. In the traditional driving waveform, a four-stage
driving waveform is used to drive particles to realize gray
scales accurately [7]: erase the original image, reset to black
state, clear to white state, and write a new image. In a driving
waveform, a unit of time is 1/50 � 20ms if the frame rate is 50
frames/s, so the time of four stages must be an integer multiple of
20 ms, the second stage and the third stage form a process of
activating particles. Then, an accurate white reference gray scale

FIGURE 2 |Reflectance curves of an EPDwhich is driven by two kinds of
driving waveform (A) EPD driving waveforms. (B) Reflectance curves of an
EPD according to driving waveforms, the driving waveform with an active
particles stage can obtain higher reflectivity.
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can be obtained at the end point of the third stage. The new image
can be displayed in the fourth stage by using the reference
gray scale.

In the design process of a driving waveform, the DC balance is
a factor which must be considered. In the traditional driving
waveform, the time of positive voltage and negative voltage must
equal in the one gray scale change path to reach the DC balance.

The process of activating particles is very important in the
driving waveform. The particles in microcapsules may be affected
by various forces, and the driving force of electric potential must
overcome other external forces to drive the particles. However,
the resistance increases with the increase of speed. The forces that
hinder the movement of particles are particle gravity, viscous
resistance of electrophoretic solution, collision between particles,
wall collision of microcapsules, Coulomb force between particles,
and so on. When the resistance of particles is greater than the
electric field force, the particle velocity will decrease. Only after a
long enough residence time, the particles can reach a stable state,
and the force acting on the particles can reach equilibrium. This
reaction time has a direct impact on the refresh speed of the
display screen. At this time, the motion ability of the moving
particles is obviously lower than that of the activated particles [6].
Therefore, it is necessary to design a longer voltage duration to
obtain the same gray level as the driving waveform with the active
particle stage. Therefore, at the beginning of the driving
waveform, we always use the limited driving time to activate
the particles as much as possible. There are two driving
waveforms, which are designed to drive the EPDs from a
black state to a white state, in Figure 2A. The final reflectivity
difference of an EPD which is driven by two driving waveforms
are shown in Figure 2B.

Driving Process Fusion in the Driving
Waveform
In this article, a new driving waveform, which is based on the
black reference gray, is proposed. In this waveform, the driving
process is fused, and there are two stages which include a resetting
to black state stage and writing the new image stage. In the first
stage, the particles are activated as far as possible, and a stable
reflectivity black state is obtained at the end of this stage; then, the

black state is taken as the reference gray. In the second stage, the
positive voltage and negative voltage can cooperate with each
other to realize the display of multilevel gray scales. An example
of the new driving waveform is shown in Figure 3.

The second stage of the driving waveform, which could drive
the EPD to realize the original image, must be considered in the
design of the new driving waveform. For example, tw is the
negative voltage driving time and ty is the positive voltage
driving time of second stage which could drive the EPD to
display the original image. And tx is the negative voltage
driving time and tr is the positive voltage driving time of the
first stage which could drive the EPD to display a new image. The
relationship among four driving times is shown in Eq. 6.

tw − ty � tr − tx. (6)

The driving waveform could reach the DC balance if Eq. 6 is
obeyed. In the first stage of the driving waveform, there is not
enough time for refreshing between the white state and the black
state, so the EPD is written to amiddle gray scale, and this method
could reduce the activation time greatly [8]. The detail design of
the driving waveform is shown in Figure 4. For the sake of
convenience, B represents black gray, DG represents dark gray,
LG represents light gray, and W represents white gray,
respectively. In Figure 4, the original gray scale is LG, both t1
and t2 are square waves whose duty ratio is 50%, so it has no effect
on DC balance. t3 is used to realize the DC balance and write to
black state. At the end point of the first stage, a black state which
has a stable reflectance value is obtained. The first stage of driving

FIGURE 3 | An example of the new driving waveform which includes a
resetting to black state stage and a writing the new image stage.

FIGURE 4 | (A) Design details of the new driving waveform, at the end
point of the first stage, a black state which has a stable reflectance value can
be obtained. (B) The real EPD has four-level gray scales which are driven by
the proposed driving waveform.
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waveforms should be filled with a positive voltage when the
original gray scale is white, but it cannot get a black gray as the
black reference gray. This is because the black reference gray is
obtained in the case of activating particles, but there is no space
for the activated particles stage when this stage is full of positive
voltage. So, the first stage must be prolonged to form a longer time
of positive voltage to get the black reference gray. The prolonged
part could occupy the driving time of the second stage, or else, the
driving waveform must be prolonged a little to meet the
requirement.

Display Effect of the Proposed Driving
Waveform
We carried out a driving experiment on an EPD device
according to the proposed driving waveform, and the result
is shown in Figure 4B. The experimental results showed that
the driving waveform could realize multilevel gray scales.
Among them, four testing areas are marked, the reflectivity
of the first testing area is 3%, the second testing area is 12.1%,
the third testing area is 22.4%, and the fourth testing area is
36.3%. According to the principle of gamma correction, the
human eye sensitive to brightness transformation when the
brightness is low. So, the change of the reflectivity value is
nonlinear.

CONCLUSION

In this article, a new driving waveform based on two stages is
proposed, and the driving process of gray scales is effectively
fused. The first stage of the driving waveform can erase the
original image, and the second stage is used to realize a multilevel
gray scales display. In addition, the black state is used as the
reference gray scale according to the mechanical analysis of

particles in microcapsules. The driving waveform proposed by
us has the advantages of short driving time and less voltage
conversion times. It can effectively reduce the flicker sense and
improve the reading comfort while shortening the screen
switching time. What is more, the DC balance rule is applied
to the design, which can effectively prevent the display
breakdown caused by charge trapping. So, the proposed
driving waveform provides a reference for the continuous
improvement of the EPD display quality.
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