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Abstract: As the most potential new reflective display technology, electrowetting display (EWD) has
the advantages of simple structure, fast response, high contrast and rich colors. However, due to the
hysteresis effect, gray-scales of EWD cannot be accurately controlled, which seriously restricts the
industrialization process of this technology. In this paper, the oil movement process in an EWD pixel
cell was simulated, and the influence of oil viscosity on hysteresis effect was studied based on the
proposed simulation model. Firstly, the cause of hysteresis effect was analyzed through hysteresis
curve of EWD. Then, based on COMSOL Multiphysics simulation environment, the oil movement
process in an EWD pixel cell was simulated by coupling the phase field of laminar two-phase flow
and electrostatic field. Finally, based on the simulation model, the influence of oil viscosity on
hysteresis effect in an EWD pixel cell was studied. The experimental results showed that the
maximum hysteresis difference of hysteresis effect increased with the increase of oil viscosity, and
decreased with the decrease of oil viscosity. The oil viscosity had little effect on the maximum
aperture ratio of EWD. The pixel on response time and pixel off response time increased with the
increase of oil viscosity.

Keywords: electrowetting display (EWD); hysteresis effect; oil viscosity; simulation; contact angle
hysteresis (CAH)

1. Introduction

The optical switch of electrowetting display (EWD) technology is realized by controlling the
contraction and spread of colored oil in pixel cells [1]. The principle that the contact angle between
liquid and solid interface changes after applying voltage has been applied in many aspects, such as
lab-on-a-chip [2], micro zoom lens [3], energy collection [4]. Among them, EWD is the most promising
application [5]. EWD technology has the characteristics of simple structure, fast response, high
reflectivity, high contrast and rich colors [6]. Compared with the existing display technologies, it
shows great advantages. However, due to the rough surface of pixel structure and the viscous
resistance of oil-water interface, the hysteresis effect will appear during the pixel driving process
[7,8]. As aresult, gray-scales of EWD cannot be accurately controlled. In order to reduce the hysteresis
effect, many scholars have made a lot of efforts.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The hysteresis effect of EWD refers to the difference of optical response during the driving
process of pixel switch [9]. It was first discovered in 2006 by Van Dijk R of Liquavista when he
improved the EWD to display video content with 4 bits of gray-scales and a resolution of 170 ppi [10].
In 2012, a hysteresis-free pixel switching structure was designed by adding hydrophilic patches or
staircases [11]. The hysteresis effect could be better eliminated by this method, but it would reduce
the aperture ratio of pixels and bring unpredictable difficulties to the manufacturing process. In the
same year, electrowetting process of electrolyte drops on smooth and rough surfaces was studied by
using the Lattice Boltzmann model [12]. It was observed that the hysteresis and saturation of contact
angle were more obvious on the rough surface. In 2015, a theoretical model was proposed to describe
the evolution of electrowetting on substrates with contact angle hysteresis, and the relationship
between the apparent contact angle, voltage and other parameters were quantified [13]. The results
showed that the theory and equation based on energy balance could successfully describe the
electrowetting response with obvious contact angle hysteresis. In 2017, a method and principle for
improving contact angle hysteresis was given based on the improved Young’s equation [14]. The
relationship between lens focal length and applied voltage was studied by using three kinds of oil
with different viscosity ratio as insulating liquid. The results showed that the focal length hysteresis
could be reduced by reducing the oil viscosity. In 2020, a pixel structure was proposed for achieving
accurate control of oil rupture position and move direction by adding additional pinning structures
or spacing arrays [15,16]. This scheme could effectively reduce the hysteresis effect of EWD.

In order to reduce the hysteresis effect by changing the oil viscosity, based on COMSOL
Multiphysics simulation environment, the oil movement process in a pixel cell was successfully
simulated by coupling the laminar two-phase flow phase field and electrostatic field, and the
influence of oil viscosity on the hysteresis effect in EWD was studied based on the proposed
simulation model.

Principles of Hysteresis Effect in EWDs

The introduction should briefly place the study in a broad context and highlight why it is
important. It should define the purpose of the work and its significance. The current state of the
research field should be carefully reviewed and key publications cited. Please highlight controversial
and diverging hypotheses when necessary. Finally, briefly mention the main aim of the work and
highlight the principal conclusions. As far as possible, please keep the introduction comprehensible
to scientists outside your particular field of research. References should be numbered in order of
appearance and indicated by a numeral or numerals in square brackets—e.g., [1] or [2,3], or [4-6]. See
the end of the document for further details on references.

2. Materials and Methods
2.1. Driving Principle of EWDs

An EWD panel is mainly composed of glass substrate, indium tin oxides (ITO) electrode,
hydrophobic insulation layer (HIL), pixel wall, colored oil, polar liquid, and top plate [5,15], as shown
in Figure 1. Va1 and V2 are the gate signals of TFT1 and TFT2 respectively, which are used to control
whether the source voltage Vs charges the storage capacitor Cs. When Var is at low level, TFT1 is off,
and the voltage on Csi is 0. At this time, without external voltage, the colored oil in pixels spreads
naturally and covers the whole pixel, and the color of oil is displayed. When Va2 is at high level, TFT2
is on, and the voltage on Cs2 is Vs. At this time, the colored oil in pixels is pushed to a corner, and the
color of the substrate is displayed. The contraction degree of oil is controlled by the applied voltage
to achieve the purpose of displaying gray-scales.


https://doi.org/10.20944/preprints202503.0434.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 6 March 2025 d0i:10.20944/preprints202503.0434.v1

3 of 15

R TFT,

i

>

‘Water

Pixel

VGZ

o—t— TFT,
L 1

Top Plate —
Pixel Wall Water
HIL Cs
ITO

Substrate

Figure 1. The structure and driving principle of EWDs. The color of oil was displayed in a pixel when no external

voltage was applied. And the color of substrate was displayed when the external voltage was applied.

Research manuscripts reporting large datasets that are deposited in a publicly available database
should specify where the data have been deposited and provide the relevant accession numbers. If
the accession numbers have not yet been obtained at the time of submission, please state that they
will be provided during review. They must be provided prior to publication.

The different degrees of oil contraction represent different optical states, which are characterized
by the aperture ratio. The aperture ratio is a proportion of oil opening area in a whole pixel [17]. The
formula is defined as Equation (1).

_ o)

pixel

Wy(V) = (1 ) x 100% (1)

In Equation (1), W, (V) represents the aperture ratio, Sy;(V) and Sy represent the surface
area of oil in a pixel and the surface area of a whole pixel respectively, V represents the driving
voltage applied to EWDs, and the area of pixel wall can be ignored in calculating the aperture ratio.
The pixel wall is a transparent grid structure which can divide an EWD into several pixels.

2.2. Hysteresis Effect of EWDs

As shown in Figure 2, it is the relationship between driving voltage and aperture ratio when the
conventional square wave is used to drive an EWD panel. The blue curve is the driving voltage rising
stage, and the red curve is the driving voltage falling stage. It can be seen that there is a significant
difference in the aperture ratio between the driving voltage rising stage and the driving voltage
falling stage, that is, hysteresis effect. Generally, the absolute value of the aperture ratio difference
under the same voltage value in the rising stage and the falling stage is called the hysteresis
difference, and the aperture ratio curve formed in the rising stage and the falling stage is collectively
called the hysteresis curve [18].
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Figure 2. Hysteresis curve of EWD driven by conventional square wave. The blue curve is the driving voltage

rising stage, and the red curve is the driving voltage falling stage.

Combined with the morphological characteristics of hysteresis effect, through theoretical
analysis and literature review [19-22], it can be seen that the main causes of hysteresis effect in EWD
are the existence of oil rupture voltage, oil contact angle hysteresis, and oil contact angle saturation.
The oil rupture voltage is caused by the fact that the electric field force is not enough to overcome the
static friction and capillary force when the driving voltage is too low. Oil contact angle hysteresis is
due to the inconsistency between oil forward contact angle and oil backward contact angle caused by
dynamic friction and viscous resistance. Oil contact angle saturation is caused by the weakening of
the electric field force due to charge trapping.

3. Numerical Methodology

The numerical method was realized by establishing and solving numerical equations. The
purpose was to track the morphological changes and motion characteristics of the oil-water interface
in the limited pixel cell under the action of external electric field force. In this paper, COMSOL
Multiphysics simulation software was used to simulate the laminar two-phase flow under the action
of electric field, and the laminar flow field was coupled with phase field and electrostatic field. The
finite element method (FEM) was used to solve all governing equations, including Cahn-Hilliard
equation, Laplace equation and Navier-Stokes equation. First, the Maxwell stress tensor equation was
solved by adding an electrostatic field module, and the electric field force output from the
electrostatic field module was fed back to the hydrodynamic module. Then, the Navier-Stokes
equation and phase field equation were solved by the hydrodynamics module according to the
specified fluid boundary conditions and the solution results of electrostatic field.

3.1. Governing Equations

The numerical method was realized by establishing and solving numerical equations. The
purpose was to track the morphological changes and motion characteristics of the oil-water interface
in the limited pixel cell under the action of external electric field force. In this paper, COMSOL
Multiphysics simulation software was used to simulate the laminar two-phase flow under the action
of electric field, and the laminar flow field was coupled with phase field and electrostatic field. The
finite element method (FEM) was used to solve all governing equations, including Cahn-Hilliard
equation, Laplace equation and Navier-Stokes equation. First, the Maxwell stress tensor equation was
solved by adding an electrostatic field module, and the electric field force output from the
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electrostatic field module was fed back to the hydrodynamic module. Then, the Navier-Stokes
equation and phase field equation were solved by the hydrodynamics module according to the
specified fluid boundary conditions and the solution results of electrostatic field.

There are two kinds of fluids in EWD pixel cells, water and oil. During calculations, the fluids
are assumed to be an incompressible and incompatible Newtonian fluid, and there are no chemical
reactions in the flow process. The Navier-Stokes equation with momentum conservation and the
continuum equation with mass conservation are used to describe the laminar flow field [23]. The
governing equations are as follows:

p (3—? +u- Vu) =-Vp+V- (u(Vu + (Vu)") —gu(v : u)I) +F (2)

F =Fg+pg+Fy (3)

Where, u is the fluid velocity, p is the fluid pressure, p is the fluid density, u is the
hydrodynamic viscosity. And each item corresponds to inertial force, pressure, viscous force and
external force acting on the fluid. The external force is mainly composed of surface tension, gravity
and volume force. F;; represents surface tension (N/m?®), g represents gravitational acceleration
(m/s?), F,f is the volume force (N/md).

The fluid flow in EWD system is laminar flow (Re = 5 x 1072 « 2000), and there is no diffusion
effect between the two fluids. Moreover, the gravity can be ignored (Bo = 1.4 x 107® « 1). Therefore,
electrostatic field force is the main factor causing fluid flow [24]. The parameters requiring coupling
are the volume force F,; and the surface tension F;, caused by the applied electric field. The
electrostatic volume force (N/m3) can be expressed by the divergence of Maxwell stress tensor [24].

Fyp = VT, 4)
The Maxwell stress tensor can be expressed as Equation (5).
T=EDT—%(D-EI) ©®)
Where, I is the identity matrix, E is the electric field, and D is the potential shift field.
E=-V (6)
D = ¢g4¢,E 7)

In the two-dimensional structural model, Maxwell stress tensor can be expressed as Equation

(8)-

T, T,
_ [Txx Txy (8)
yx lyy
The stress tensor in each direction can be obtained by substituting the parameters.
1
go& E2 — EEOET(E,? +E2) o&rExE,
T= ) ©)
0&rExE, go&rEL — Eeoer(E,% +E2)

The change of volume force caused by electrostatic field only occurs at the interface of two-phase
fluid, and its derivative can be obtained.

[0(Tex) a(TxmI

| ox a
F=| Y 10
10(Ty) 0(Ty)] (49
0x dy

After an electric field is applied, the contact angle of three-phase contact line will be changed by
the Maxwell stress. The contact angle refers to the external angle during the movement of water on
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the hydrophobic insulation layer, which is expressed by Lippmann-Young equation [9]. As shown in
Equation (11), where, 6 is the contact angle when the driving voltage is V, and 6, is the contact
angle when the driving voltageis 0, & and &, respectively represent the vacuum dielectric constant
and the relative dielectric constant of the dielectric layer. And d is the thickness of the dielectric
layer, y,¢ is the liquid-gas contact line.

£o&r

cosf =cosb, +
0 2dy 6

ve (11)

For two-phase fluid movement, volume function method (VOEF), level set method or phase field
method are usually used to track the oil-water interface [25,26]. Based on the diffusion interface
model, the phase field method characterizes the interface evolution of the system through the changes
of order parameters and concentration field. In the phase field theory framework of COMSOL, the
comprehensive action of physical interface motion and chemical potential change is expressed by
differential equation, so as to the instantaneous change of interface is obtained. The phase field
method does not directly track the change of the interface, but through the phase field variable @
describe fluid distance phase interface @ = 0. In the region of two fluids, the phase field variable will
be taken as *1, while in the transition region of the interface, the phase field variable @ changes
smoothly between —1 and 1. The oil-water interface is defined as a diffusion interface, the change
of the oil-water interface is described by Cahn-Hilliard convection equation, and the phase field
variables are obtained by solving the phase field equation [27-29]. The phase field governing
equations are as follows:

O ¢ vo—y
St Vo=V W (12)
&2 Ofext
— _y.g2 2 _ ) &L 13
P V-e?VQ + (0 1)®+(A) 30 (13)
:2«/21 (14)

3¢

Where, 1 is the energy density (N), ¢ is the capillary width varying with the interface thickness
(m). These two parameters and the surface tension coefficient ¢ (N/m) are described by Equation
(14). y is the mobility parameter, and the relation function between y and ¢ is y = y&?, y is the
mobility adjustment parameter. The phase field variable @ isexpressedas 1 inoiland —1 in water.
In order to correctly couple electrostatic field and laminar flow field, it is necessary to track the
dielectric constant, density and viscosity between diffusion interfaces. The calculation formulas are

as follows:
p=pi+(py—p1)0 (15)
=y + (U — )0 (16)
& =&t (Srz - Srl)q) (17)

Where, p, p and &, represent the density, viscosity and dielectric constant of the fluid
respectively. The average curvature between two liquid interfaces is calculated as follows [29]:

= z(1+¢)(1—¢)§ (18)
002 - 1)\ of
G =/1<—V2®+€—2) +% (19)

Where, k and G represent mean curvature and chemical potential energy respectively.
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3.2. Boundary Conditions

The boundary conditions were the precondition that the governing equations had a definite
solution on the boundary of the region [30]. The size of the pixel cell used in the calculation domain
was shown in Figure 3(a), and the relevant boundary conditions were shown in Figure 3(b).

=

Figure 3. Pixel cell size and relevant boundary conditions. (a) The size of pixel cell. (b) The relevant boundary

=-1
u=

Hydrophobic Insulation Layer

(b)

conditions.

In the EWD structure model, zero-charge boundary conditions were set around the model,
that’s, n+ D = 0. This also meant that no displacement field could penetrate the boundary at the
surrounding inner boundary, and the potential was discontinuous at the boundary. For electrostatic
field boundary conditions, the potential Vapp and grounding boundary conditions should also be
specified. And wetted wall, initial interface, inlet and outlet were need to be set for the phase field
boundary conditions. The wetted wall boundary conditions were determined by Equation (20) and
Equation (21).

n- 2V = £% cos b, |VY| (20)

2
n'};—ZVIII:O 1)

In the initial interface boundary condition, the two-phase flow contact interface was selected as
the position of the initial interface, @ = 0. Both sides of the fluid of the EWDs were selected as the
inlet and outlet boundary conditions, which were set as the outlet end in the actual simulation
process, and the pressure constraint term p = 0 was set at the end point. In addition, the initial value
of volume force and velocity should be set, and the initial value of velocity was set to 0 (m/s).

Table 1. Material, geometric and interfacial parameters of the proposed model.

Parameters Quantity Symbol Value Unit
density of oil Poil 880 kg/m?
density of water Pwater 998 kg/m?
dynamic viscosity of oil oil 0.002 Pa's

Material
dynamic viscosity of water Uwater 0.001 Pa's
dielectric constant of oil Eoil 2.2 1

dielectric constant of water Ewater 80 1
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dielectric constant of hydrophobic insulating layer Eniy 1.95 1
dielectric constant of pixel wall Egrid 3.28 1
width of pixel cell Wpixel 150 pm
height of pixel wall dgria 5.6 pm
Geometric width of pixel wall Wyrid 15 pm
thickness of hydrophobic insulating layer dni 1 pm
thickness of oil doi 5.6 pm
surface tension of oil and water Yow 0.015 N/m
contact angle of pixel wall Ogria 65 deg
Interfacial
contact angle of hydrophobic insulating layer Onit 150 deg
contact angle of top plate Btop 90 deg

4. Experimental Results and Discussion

The oil movement process in an EWD pixel cell was successfully simulated by the established
simulation model. Therefore, based on this model, the influence of oil viscosity on the performance
of EWD can be investigated through experiments, including response time, maximum aperture ratio
and hysteresis effect. In experiments, the dynamic viscosity coefficient was used to characterize the
oil viscosity, and the influence of oil viscosity on the hysteresis effect of the EWD was emphatically
analyzed. All parameters were kept constant and the temperature was kept at 25°C. Segment function
was used to describe the driving waveform, and the driving voltage ranged from 0V to 30V. The
dynamic viscosity coefficient was dynamically changed and the corresponding aperture ratio data
were recorded.

According to Equation (1), the formula for calculating the aperture ratio in a two-dimensional
model can be obtained. Assume that the pixel cell is square and the side length is a. The contact
surface between the oil and the hydrophobic insulating layer is round, with a diameter of d. Then
the calculation formula of the aperture ratio in the two-dimensional model can be obtained. The
specific description is as follows, Vj is the rupture voltage.

0, V<V

W,(V) = { 4a? — nd? )
(1) %xmo%, V>V @2)

The oil movement process can be divided into an opening stage after applying the external
voltage and a closing stage after removing the external voltage. A segment function was used to
describe the traditional square wave, as shown in Figure 4(a). Based on the established simulation
model, the simulation of an entire oil movement process, including an opening stage and a closing
stage can be realized. As shown in Figure 4(b) and Figure 4(c), it was a simulation of the oil movement
process in a EWD pixel cell. When t = 0 ms, an external voltage of 30V was applied, and the oil
started to contract under the action of electric field force. At t = 0.5 ms, the oil started to break away
from the pixel wall, showing an opening. At t = 2.3 ms, the opening reached the maximum value.
At this point, the oil opening process was completed. When t = 4 ms, the applied external voltage
was removed, and the oil began to spread under the effect of surface tension. When t = 5.4 ms, the
oil was closed and completely contacts the pixel wall. At this point, the oil closing process was
completed.
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pm pm

Figure 4. Simulation of oil movement process in an EWD pixel cell. (a) Driving waveform used in the simulation.

(b) Pixel on process. (c) Pixel off process.

4.1. Influence of Oil Viscosity on Response Time

In the experiment, a 30V driving voltage was applied first and removed after the oil was
completely opened. During this process, the pixel on response time and the pixel off response time
were recorded when the oil was fully opened and fully closed under different oil dynamic viscosity
coefficient. The relationship between oil dynamic viscosity coefficient and pixel response time could
be obtained, as shown in Figure 5. In the figure, the blue curve was pixel on response time curve, the
red curve was pixel off response time curve, and the green curve indicated that the pixel could not
be opened within 16ms. It can be seen that the pixel on response time and pixel off response time
increased with the increase of oil dynamic viscosity coefficient. This was because the increase of oil
dynamic viscosity would increase the viscosity resistance.

'y

E

Response Time (ms)
[\ w

0 1 2 3 4 5 6
Dynamic Viscosity (mPa-s)

—@—Switch On  —®— Switch Off Unopened

Figure 5. The relationship between oil dynamic viscosity coefficient and pixel response time. The blue curve was
pixel on response time curve, the red curve was pixel off response time curve, and the green curve indicated that

the pixel could not be opened within 16ms.

4.2. Influence of Oil Viscosity on Maximum Aperture Ratio

In the experiment, a 30V driving voltage was applied. During this process, the maximum
aperture ratio of a pixel cell under different oil dynamic viscosity coefficient was recorded when the
oil was fully opened. The relationship between the oil dynamic viscosity coefficient and the
maximum aperture ratio of a pixel cell could be obtained, as shown in Figure 6. The blue curve was
the maximum aperture ratio curve of a pixel, and the red curve indicated that the pixel could not be
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opened within 16ms. It can be seen that the maximum aperture ratio of a pixel cell was very close,
indicating that the change of oil dynamic viscosity could not change the maximum aperture ratio of
a pixel cell.

100 &
90 | -0-0-0-0——0——o——0—o0—9O
80
70
60
50
40

Aperture Ratio (%)

30
20
10

0 @ ® o—>
0 1 2 3 4 5 6

Dynamic Viscosity (mPa-s)

—@— Switch On —®— Unopened

Figure 6. The relationship between oil dynamic viscosity coefficient and maximum aperture ratio. The blue curve
was the maximum aperture ratio curve of a pixel, and the red curve indicated that the pixel could not be opened
within 16ms.

4.3. Influence of Oil Viscosity on Hysteresis Effect

The dynamic viscosity coefficient of 0il commonly used in the preparation of EWDs is 2 mPa - s.
In the experiment, the traditional square wave was used to drive a pixel cell, and the hysteresis curves
under different dynamic viscosity systems were recorded. The relationship between oil dynamic
viscosity coefficient and hysteresis curve could be obtained, as shown in Figure 7(a). In order to more
intuitively reflect the relationship between oil dynamic viscosity coefficient and hysteresis effect, the
data of aperture ratio in the experimental results were further processed. The absolute value of the
difference of the aperture ratio under the same voltage during the rising and falling process was
defined as the hysteresis difference. The relationship between oil dynamic viscosity coefficient and
hysteresis difference curve could be obtained, as shown in Figure 7(b).
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Figure 7. The relationship between oil dynamic viscosity coefficient and pixel hysteresis effect. (a) The
relationship between oil dynamic viscosity coefficient and hysteresis curve. (b) The relationship between oil
dynamic viscosity coefficient and hysteresis difference.

It can be seen from Figure 7 that during the movement of the oil in a pixel cell, the hysteresis
difference first increases and then decreases with the increase of the driving voltage, forming a
maximum hysteresis difference in this process, indicating the degree of hysteresis effect. The
maximum hysteresis value decreases with the increase of oil dynamic viscosity coefficient, indicating
that oil dynamic viscosity coefficient is positively correlated with hysteresis effect. This is because the
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increase of oil viscosity will cause the increase of shear stress during oil movement, that is, the
increase of viscosity resistance. Greater viscous resistance will consume more electric field force to
do work, resulting in the change of effective work done by the same electric field force during oil
movement.

5. Conclusions

In summary, based on COMSOL Multiphysics simulation environment, the driving process of
hysteresis effect in an electrowetting display pixel cell was successfully simulated by coupling the
laminar two-phase flow phase field and electrostatic field. Based on the proposed simulation model,
the influence of oil viscosity on hysteresis effect of electrowetting display was studied. The
experimental results showed that the maximum hysteresis difference of hysteresis effect increased
with the increase of oil viscosity, and decreased with the decrease of oil viscosity. The oil viscosity
had little effect on the maximum aperture ratio of EWD. The pixel on response time and pixel off
response time increased with the increase of oil viscosity.
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