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As a new type of reflective display technology with paper-like display

performance, electrowetting display (EWD) can realize ultra-low power

consumption, wide viewing angle and fast response speed. In order to apply

the EWD to the large-size display field, an extensible driving model for multiple

grayscales colorful EWDs was proposed in this paper. The proposed driving

model consisted of a grayscale model, a colorful display model and an

extensible driving model. With the grayscale model and the colorful display

model, the driving waveform of the colorful grayscale display was designed

based on limited output voltage levels of a general-purpose graphic driver

chip. And then, the extensible driving model was used to realize the large-size

display large-scale display based on a matrix of small-size EWD panels. In

addition, an experimental platform, which was composed of the display panel

and the driving board with a data interface, was designed based on the

proposed models. Experimental results showed that it could realize an 18-bit

colorful dynamic display on the extended display matrix with a resolution of

48*16. It was indicated that the display matrix could be used for multiple

grayscales and colorful dynamic displays by applying the proposed driving

models. The research has brought about a way of enlarging the size of the

EWD, which is conducive to broadening the scope of application of EWDs.
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Introduction

With a fast response speed, and electrical reproducibility, electrowetting on dielectrics

(EWOD) [1] was increasingly used in microsystems. In particular, it has attracted a lot of

attention in the areas of digital microfluidics (DMF) [2–4], lab-on-chip [5, 6], micro-lens

[7–9], and EWDs [10]. As a novel type of reflective display technology [11], the EWD has

ultra-low power consumption [12] and broad viewing angle. In addition, the EWD does

not cause a series of environmental pollution problems. In the past few years, the EWD

has made numerous achievements in the fields of display materials [13], driving

waveforms [14–16] and component designs [17]. These achievements would be
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beneficial for the implementation of commercial products or

applications, such as E-readers, mobile phones and other mobile

terminal devices. However, limited by the current manufacturing

process conditions, it is difficult to produce large-size EWD

panels which could accommodate the requirements of outdoor

billboards and other application scenarios.

In terms of the manufacturing process, a full-color

reflective electrowetting displays with diagonals larger than

6 was presented [18]. At the same time, there were many

studies on electrowetting grayscale display, color display and

video playback. For an active-matrix display, a large range of

brightness levels was obtained by using a limited number of

grayscales [19]. In addition, a driving scheme was proposed

for obtaining multiple grayscales and quick response on a 6-

in. SVGA EWD [20]. A portable driving scheme which could

display 4-bit grayscale dynamic video was realized by using

an active matrix electrowetting display [21]. What’s more, the

optimization of driving waveform [22] is one of the important

ways to improve the display performance of electrophoretic

displays (EPDs), as well as the EWDs. Research on

optimization of driving waveforms [23], response time [24,

25] and display performance provided a guarantee for

grayscale display and video refresh for large-size EWD

panels in outdoor scenarios. However, these studies

were based on small-scale EWDs in indoor application

scenarios.

In order to apply EWDs to outdoor advertisement and

other fields requiring large-size displays, an extensible

driving model for multi-color EWDs based on digital

multiplex (DMX) protocol was provided in this paper. The

proposed driving schema consisted of a device cascading

section and an EWD driving section. In the device

cascading section, a Cortex-M3 processor was used as the

host controller to parse the image data frame by frame from

the DMX protocol. In the driving section, each EWD panel

was driven by a dot matrix liquid crystal graphic column

driver chip. According to the parsed image data, the control

signal for the driver chip was generated by the host controller

to display target images.

Principles

Principles of EWDs

For EWDs, the structure of pixel consists of glass substrate,

indium tin oxide (ITO), hydrophobic insulating layer, pixel wall,

colored oil, and conductive liquid. The contact angle of the

colored oil on the insulating layer can be controlled by the

external electric field applied between a common electrode

and a pixel electrode. The relationship between the contact

angle and the applied electric field can be described by

Young-Lippmann equation [26] which is shown in Equation 1.

cosθ � cos θ0 + ε0εrV2

2dσ
(1)

Where θ0 is the initial solid–liquid interface contact angle, θ is the

contact angle when the external voltage V is applied. ε0 is the

absolute dielectric constant. εr and d are the relative permittivity

and thickness of the dielectric layer, respectively. σ is the

interfacial tension between the colored oil and the conductive

liquid.

Under the action of the electric field, the original equilibrium

state in the liquid systemmay be broken by the change of external

electrical field, thus making the droplet on the insulating

substrate to deform or displace. When no electric field is

applied between the common electrode and the pixel

electrode, oil droplets spread naturally into an oil film on the

hydrophobic insulating layer. At this point, the pixel is covered

with colored oil film to form an “off” state when viewed from the

above. When a certain electric field is applied, the oil film is

shrunk to a corner of a pixel. Then, a transparent “on” state is

formed at this situation. The pixel state under different applied

electric fields is shown in Figure 1. By adjusting the applied

electrical field, pixels are in different “on” states, grayscales can be

obtained. The degree of “on” states depends on the external

voltage applied to the pixel electrodes. The small white point in

the pixel is an extra pinning structure (EPS) [27], which is used to

guide the oil contraction direction and accelerate the switching

on process.

Grayscale model

In EWDs, the degree of colored oil spreading depends on the

contact angle according to Young–Lippmann equation. Hence, a

grayscale display can be obtained by varying the applied external

voltage to change the aperture ratio of pixels. The aperture ratio

can be defined as the ratio of the aperture area to the total area of

a pixel grid. When the applied voltage is between the breaking

FIGURE 1
The state of pixels under different applied electric fields. (A)
When no electric field is applied, the pixel shows the color of oil
film. (B,C) are “on” states of a pixel when an electric field is applied.
(C)When amaximum voltage is applied, the pixel approaches
the most transparent state and the color of the white substrate is
displayed.
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voltage and the maximum voltage, the aperture ratio will increase

with the increase of voltage. When the applied voltage is between

the breaking voltage and the maximum voltage, the opening ratio

will increase with the increase of voltage. However, the

relationship between the opening ratio and the driving voltage

is nonlinear. Therefore, it is necessary to adjust the opening ratio

through a well-controlled voltage to achieve more accurate

grayscale levels. Most general-purpose graphic driver chips are

capable of providing limited voltage levels. For example,

HD66204FTL is a dot matrix liquid crystal graphic display

column driver with 80-channel outputs. And each channel

can output one of the four voltage levels V1, V3, V4 or VEE, as

shown in Figure 2A, depending on the combination of the M

signal and display data D, as shown in Figure 2B.

As shown in Figure 2C, if the common electrode voltage Vc is

fixed at V4, and the state of the pixel can be switched by changing

the pixel electrode voltage Vp. When the voltage Vp is V4, the

voltage difference Vr between the pixel electrode and the

common electrode is 0. At this point, the pixel can remain

“off” state. If the voltage Vp is VEE, and then the voltage

difference Vr is VEE-V4. At this situation, the pixel can switch

to the “on” state.

A model for multiple grayscale display based on two voltage

levels is presented in Figure 3. In the proposed model, the driving

cycle of each pixel was divided into 256 subframes. The visual

display of the functional relationship is shown in Figure 3A. In

addition, Figure 3A also shows actual driving waveforms applied

to the pixel in one driving cycle for each grayscale. Figure 3B and

Figure 3C show the grayscale display diagrams of single-color

and multi-color pixel, respectively.

FIGURE 2
The relationship between various voltages. (A) Different power supply voltage levels for the display driver. (B) Selection of the output voltage
level. (C) The relationship between pixel state and the voltage applied to the pixel electrode and the common electrode at the time t.

FIGURE 3
Schematic diagram of the model for realizing the multiple
grayscales display. (A) The voltage difference between the pixel
electrode and the common electrode and the equivalent driving
waveform in one refresh period under different grayscales.
(B) Multiple grayscales display diagram of a single-color pixel. (C)
Multiple grayscale display diagram of a multi-color pixel
superimposed by three layers.
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In the one driving cycle, the common electrode voltage Vc

can be described by Formula 2. The pixel electrode voltage Vp is

determined by Formula 3.

Vc � V4 (2)

Vp(g, f) � {V4, 0<g<f≤ 255 or g � 0
VEE, 0<f≤g≤ 255 (3)

In Formula 3, g represents the target grayscale for the pixel,

and f denotes the index of the current subframe. When f is

greater than or equal to g, VEE should be applied to the pixel

electrode to turn on the pixel, otherwise V4 should be applied to

the pixel electrode to turn off the pixel. When the target grayscale

is 0, the V4 should be applied to the pixel electrode throughout

the driving period to ensure that the pixel is not activated.

According to Formula 2 and Formula 3, the effective voltage

Va applied to the pixel electrode in one driving period can be

calculated by Formula 4.

Va(g) �
⎧⎪⎪⎪⎨⎪⎪⎪⎩

0, g � 0

1
256

∑g
i�0
|VEE − V4|, 0<g≤ 255

(4)

It can be seen from Formula 4 that 256 different voltage levels

are generated based on VEE and V4 by the proposed grayscale

model. The voltage applied to the pixel electrode can be seen as a

function of the grayscale and the index of the subframe.

Colorful display model

In contrast to the active light-emitting display technology,

the subtractive primary color system was adopted by EWDs. First

of all, this is because the EWD is a reflective technology, and the

EWD panel does not emit light. Secondly, Secondly, the

subtractive primary color system is conducive to reducing the

loss of light energy in the three-layer stack structure of EWD. As

shown in Figure 4A, the subtractive primary color system

contains three primary colors: yellow, cyan and magenta.

Figure 4B shows the display of yellow, cyan and magenta

panels and the display effect after being superposition.

When primary colors are mixed in different proportions,

other colors in the color system can be displayed. In the

colorful EWD panel, the proportion of each primary color in

the mixture is controlled by the grayscale of the pixel. For

three primary colors of EWD panels, they have different

response curves of aperture ratio with voltage. As a result,

they cannot be driven to the same grayscale level by the same

voltage. Therefore, a lookup table (LUT) containing the

voltage levels corresponding to all grayscales should be

built for each color of the panel. Assuming that an 18-bit

colorful display is to be implemented, the LUT for three color

panels can be defined by Formula 5 ~ Formula 7.

C � [c1, c2/c63, c64]T (5)
M � [m1, m2/m63, m64]T (6)
Y � [y1, y2/y63, y64]T (7)

Where C, M and Y represent the LUT of the cyan panel,

magenta panel and yellow respectively. Elements ci, mi and

yi(1≤ i≤ 64, i ∈ N) in LUTs represent the driving voltage

corresponding to the 64 grayscales. For the cyan panel, the

grayscale matrix IC of a 64-grayscale image with 8 rows and

8 columns can be expressed as Formula 8.

Ic �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
g11 / g18

..

.
1 ..

.

g81 / g88

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (8)

Where elements gmn(1≤m≤ 8, 1≤m≤ 8, m, n ∈ N) represent

the grayscale of pixels located at m rows and n columns in

FIGURE 4
Subtractive primary color system. (A) Schematic diagramof three primary colors and their mixing effects in the subtractive primary color system.
(B) The subtractive primary color system in EWDs.
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the cyan panel. According to the LUT of the cyan panel, the

driving voltage matrix Vc can be calculated by Formula 9. And

driving voltage matrixes of the other two color panels can also be

calculated in this way.

Vc �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
cg11 / cg18
..
.

1 ..
.

cg81 / cg88

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (9)

Extensible driving model

In the extensible driving model, every single colorful panel

with the data interface is assigned amodule address by an address

encoder. With the proposed extensible driving model, the

colorful panels can be organized in an orderly manner by the

address to achieve large-size displays. Figure 5 shows a schematic

diagram of the proposed model. The colorful display module is

composed of cyan, magenta and yellow panels. The colorful

EWD panel used in the model can be regarded as an image with

three channels cyan, magenta and yellow. Each pixel of the

module needs 3 bytes of data. The data can be obtained using

mature data protocols such as DMX. As shown in Figure 5, the

mapping relationship between the grayscale of the pixel in a

certain position and the data stream can be described by

Formula 10.

G[i, j, k, a] � D[a p 192 + 3 p (8 p i + j) + k] (10)

In Formula 10, a represents the address of the current display

module, matrix G represents the grayscale data of the display

panel. D represents the data stream. The coordinate system is

established with the upper left of the panel as the origin, i and j

represent the rownumber and columnnumber of the pixel. Values of

k are 0, 1, and 2, which respectively represent cyan panel, magenta

panel and yellow panel.

Experimental results and discussions

Experimental platform

The experimental platform was mainly composed of a colorful

display module and a driving board, which is shown in Figure 6. The

colorful display module was composed of three-color panels cyan,

magenta and yellow. In the driving section, in order to establish the

mapping relationship between the grayscales of pixel and data

stream, an address code was assigned to each display module via

an address encoder. The Cortex-M3 processor would acquire the

graphic data corresponding to the pixel according to the obtained

device address. And then, the image data was converted into a control

signal for display drivers to drive three panels. The output of the

amplifier provided input reference voltages for display drivers. And

the final output of the display driver depended on the control signal.

The input interface and output interface not only provided an

access to data streams but also could be used to provide power for

the display module. The display module could also be powered

directly through the USB port by accessing an external power

supply. To simplify wire connections between display modules,

either of the two methods of power supply could be selected

flexibly. Yellow, magenta and cyan panels were laminated

together to form a display unit for color display. Each color

panel contained a pixel matrix with 8 rows and 8 columns.

In the driving board, the Cortex-M3 processor played a very

important role in the driving system. Consequently, the design

of the program had a direct impact on the display performance

of panels. The program could be divided into three parts

according to the function of the program: the main program

and two interrupt service programs. In the main function, the

general-purpose input-output (GPIO), timer, direct memory

access (DMA), universal asynchronous receiver transmitter

(UART) and other peripherals were initialized in the device

startup phase. It was also necessary to enable a timer

interruption and a DMA interruption to wait for interrupts.

Then, the program entered the main loop to continuously

update the DMA buffer based on the received DMX data.

When the interrupt was triggered, the program entered the

FIGURE 5
An extensible driving mode for large-size display. The
mapping relationship between pixel points and DMX data streams.
It shows the mapping relationship between grayscale data of
colorful display panels and data stream.
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interrupt service runtime (ISR) entry to execute the interrupt

service function. Since the DMX data received by the display

module was address-dependent, the timer interrupts service

function was used to read the device address periodically at a

frequency of once per second. In addition, based on our

previous research on charge trapping [28], a periodic reset

signal was introduced to suppress the impact of oil backflow

[29] caused by charge trapping. And the reset signal was also

generated in the timer interrupt function. In the external

interrupt function of GPIOs, the PA7 pin was used to detect

the mark after break (MAB) signal and BREAK signal in the

DMX protocol to determine the start and end point of the DMX

data. And then the complete DMX data was transferred to the

image buffer via DMA.

Grayscale display

In Figure 7, panels with eight rows and eight columns were

used in the experiment. Sixty-four different voltage levels

generated according to the grayscale model were applied to

pixel electrodes. As can be seen from experimental results, both

the single-color panel and the colorful panel showed several

obvious grayscales. It was indicated that the required voltage

level for grayscale display could be equivalent to just two

different voltage levels with the proposed grayscale model. It

should be noted that the voltage difference should be as close as

possible to the driving voltage of the EWD panel. If the

difference between two voltages was too low, the aperture

ratio of the pixel could not reach the maximum, or even the

pixel could not be opened at all. Conversely, if the difference

between the two voltages was too high, it may cause permanent

damage to the pixel structure. Limited by the upper limit and

the non-linear characteristics of the aperture

ratio, it was difficult to achieve 256 level grayscale display as

expected.

FIGURE 6
The architecture and details of the experimental platform. The experimental platform consisted of a driving board and a display unit. The driving
board provided input and output interfaces for DMX signals for the expansion of the display module. It was also responsible for controlling the output
voltage applied to pixel electrodes based on the received image data. The display unit had a three-layer color structure. Each panel of the display unit
was driven by a graphic driver chip.

FIGURE 7
The grayscale display of the single-color panel and the
colorful panel. (A) Cyan panel. (B)Magenta panel. (C) Yellow panel.
(D) Colorful panel with a three-layer color structure.
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Colorful dynamic display

When the grayscale of pixels in each single-color panel was

controlled according to the grayscale model, the three-color panels

were superimposed together to form a colorful display based on the

subtractive primary color system. In Figure 8, the colorful image

displayed on the EWD panel at a different moment in the dynamic

display was displayed. Images of displayed scenes were generated by

the host software such asDMXcontroller software. And then, the data

stream of images was transferred to display modules via the input

interface. Finally, display driver chips were controlled by the driving

board to generate the desired driving waveform in real time according

to the color display model. In this way, dynamically

changing colorful images were constantly displayed on the EWD

panel.

Large-size display

In Figure 9, the image displayed on the extended EWD was one

offigures contained in the dynamic scene. The extended displaywas a

display matrix assembled by twelve display modules. The current

resolution of the extended screen was 48*16. Of course, it was also

possible to assemble a higher resolution extended screen with more

display modules according to the mentioned driving model. The

images displayed on the screen were updated in real-time according

to scenes created in advance with the DMX controller software.

Conclusion

In this paper, the grayscale model, colorful display model and

extensible model were proposed based on a small-size EWD panel.

By applying the proposed display models and the driving model, the

grayscale display, 18-bit colorful dynamic display and large-size

display were realized on the experimental platform. In addition,

the reset signal was introduced into the proposed models to improve

the display performance. The proposed driving schema has the

advantages of simple implementation, low cost, and high

scalability due to a mature communication protocol and a

common EWDs panel, and it could be applied to other types of

display fields.

FIGURE 8
The colorful dynamic display of the EWD panel. In the experiment, a dynamic picture of color gradient was played on the panel, (A), (B,C) were
colorful images displayed on the EWD panel at different moments in dynamic display.

FIGURE 9
The colorful image displayed on the extended EWD is composed of a dozen display modules.
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