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Electrowetting display (EWD) is a new reflective display device with low power consumption and fast response speed. However, the maximum aperture ratio of EWDs is confined by oil-splitting. In order to suppress oil-splitting, a two-dimensional EWD model with a switch-on and a switch-off process was established in this paper. The process of oil-splitting was obtained by applying different voltage values in this model. Then, the relationship between the oil-splitting process and the waveforms with different slopes was analyzed. Based on this relationship, a driving waveform with a narrow falling ramp, low-voltage maintenance, and a rising ramp was proposed on the basis of square waveform. The proposed narrow falling ramp drove the oil to rupture on one side. The low-voltage maintenance stage drove the oil to shrink with a whole block. The proposed rising ramp was pushed the oil into a corner quickly. The experimental results showed that the oil splitting can be suppressed effectively by applying the proposed driving waveform. The aperture ratio of the proposed driving waveform was 2.9% higher than that of the square waveform with the same voltage.
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INTRODUCTION
Electrowetting (EW) is a phenomenon which can change the wettability of solid-liquid surface by using electric field [1]. The theory of EW was first proposed in 1981 [2]. In recent years, EW technology has been widely used in the chemical industry, bioengineering, display, and other fields [3–5]. Among them, the EWD is a new reflective display technology after electrophoretic display technology [6, 7]. Compared with conventional display technologies [8, 9], the EWD technology has the advantages of low power consumption, high contrast, fast response, and full color [10, 11], which is considered one of the most attractive emerging display technologies [12].
An EWD pixel is mainly composed of substrate, ITO (Indium Tin Oxides) guide electrode, hydrophobic insulation layer, pixel wall, colored oil, polar liquid, and top plate as shown in Figure 1 [13, 14]. A complete driving process of EWD can be divided into two stages. In the first stage, a suitable voltage is applied between upper and lower electrodes, the colored oil is pushed into a corner. The color of bottom substrate is displayed in pixels. When the voltage is removed, the hydrophobic layer is completely covered by the colored oil again. The color of colored oil is displayed in pixels [15].
[image: Figure 1]FIGURE 1 | Pixel structure of an EWD panel. The structure includes a top plate, ITO, fluid (colored oil and polar liquid), pixel wall, hydrophobic insulating layer, and substrate. The pixel wall is hydrophilic, and the hydrophobic insulating layer is hydrophobic and lipophilic.
At present, there are still some defects in EWDs, such as oil-splitting, charge trapping, oil overflow, and so on [10]. To solve these defects and further improve the display performance of EWDs, many researchers have made many attempts. For example, a three-dimensional EWD model was established and the process of fluid flow was simulated. In the simulation, the principle of phase-field was used to simulate the movement of oil interface successfully, and the influence of contact angle of the pixel wall on oil-splitting was studied [16]. However, the problem of oil-splitting caused by high voltage had not been solved. For oil-splitting, the influence of surface tension and contact angle in the fluid was considered. Through model simulation and numerical analysis, the influence of contact angle and surface tension on oil-splitting was proved [17]. In addition, the oil-splitting was affected by the oil thickness. The oil in the EWDs pixel was non-uniform, and the oil was split at the thinnest point [18]. However, the influence of thickness change on the process of oil movement was not considered. To suppress the oil-splitting, a driving waveform which consisted of four stages: starting, rising, displaying, and recovering was proposed. Starting from a low voltage to drive the oil can suppress oil-splitting effectively [19]. However, the speed of oil movement was slowed down.
In order to suppress the oil-splitting, a simulation model was established by COMSOL Multiphysics software. The relationship between electrostatic field force and oil shape change was studied by this model. And then, the change characteristic of oil shape was obtained in a switch-on process. According to this characteristic, a driving waveform which can suppress the oil-splitting effectively was proposed.
NUMERICAL METHODOLOGY
The simulation of EWDs was implemented by establishing and calculating numerical equations. It was done to track the change of the oil-water interface in the model [20]. By using COMSOL Multiphysics software and Finite-Element method to simulate Two-Phase laminar flow with the electrostatic field, the physical field of laminar flow was coupled with the phase-field and the electrostatic field [21]. The finite element analysis method can be used to solve numerical calculation problems including the Cahn-Hilliard equation, Laplace equation, and Navier-Stokes equation [22]. Meanwhile, to solve Maxwell’s stress tensor equation, an electrostatic field module was added to the simulation. The electrostatic field force of the electrostatic field module was fed back into the laminar flow module. The Navier-Stokes equation and phase-field equation were solved according to specified boundary conditions and calculation results of electrostatic field.
Governing Equations
Phase-field is used to describe the dynamic process of a two-phase flow interface. The movement of interface is tracked indirectly by solving two equations. One of them is used to solve phase-field variable [image: image] and the other is used to solve the mixed energy density [image: image] [16, 23, 24]. The position of the interface is determined by minimum free energy [23]. A large number of data have been proved that the phase-field method could effectively predict droplet movement on the solid surface [25, 26]. Eqs. 1–3 represent the governing equation of phase-field [27]. Eq. 4 describes the relationship between [image: image] and [image: image].
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Where [image: image] is the energy density and [image: image] is the capillary width. Eq. 3 describes the relationship between these two parameters and the surface tension coefficient [image: image]. The [image: image] is the mobility parameter and [image: image] is the mobility tuning parameter in Eq. 4. [image: image] was set to 1 for oil and −1 for water. In order to couple the electrostatic field with the laminar flow field, the dielectric constant, density, and viscosity between diffusion interfaces need to be calculated by Eqs. 5–7.
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Where [image: image], [image: image], and [image: image] represent the density, viscosity, and dielectric constant of fluids, respectively. The mean curvature between the two liquids interfaces was calculated by Eqs. 8,9 [27].
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Where [image: image] and [image: image] represent the mean curvature and the chemical potential, respectively.
The laminar flow field can be solved by the Navier-Stokes equation and continuity equation [28]. The Navier-Stokes equation is described as Eq. 10. To depict the movement of two immiscible liquids, the transport of mass and momentum are governed by incompressible Navier–Stokes equations.
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Where [image: image], [image: image], [image: image], and [image: image] represent the velocity, pressure, density, and dynamic viscosity of the fluid respectively. Each term in Eq. 10 corresponds to the inertial force, pressure, viscous force, and external force, respectively. The external force consists of surface tension, gravity, and a volume force, the [image: image], [image: image] and [image: image] represent the surface tension, gravity acceleration, and volume force, respectively.
As stated in Eqs. 10,11, the coupling between the laminar flow field and the electrostatic field is achieved by applying the electrostatic volume force to the Navier-Stokes equation. The electrostatic field force is the main factor that can cause fluid-flowing [16]. In addition, the electrostatic field force can be obtained by calculating the divergence based on Maxwell Stress Tensor (MST) [16], and the calculation is expressed in Eq. 12.
[image: image]
MST formula is described by Eq. 13.
[image: image]
Where [image: image] is the identity matrix, [image: image] is the electric field and [image: image] is the electric displacement field, and their relationship is described by Eqs. 14,15.
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In a two-dimensional model simulation, the MST is expressed as Eq. 16.
[image: image]
Eq. 17 can be obtained by substituting parameters.
[image: image]
Where [image: image] and [image: image] represent the horizontal and vertical electric fields respectively. The variation of volume force caused by the electrostatic field acts on the interface between oil and water, and the calculation can be expressed in Eq. 18.
[image: image]
When an electric field is applied, the water is in contact with the hydrophobic insulation layer with the action of electrostatic field force [29, 30], the electrostatic field force can be described by Eq. 19.
[image: image]
Where [image: image], [image: image] and [image: image] represent the thickness of the hydrophobic insulation layer, dielectric constant, and electric field strength on the hydrophobic insulation layer, respectively. Therefore, the force balance on the contact line can be derived from the Lippmann-Young equation, as shown in Eq. 20.
[image: image]
Where [image: image], [image: image], and [image: image] are the EW contact angle, Young’s contact angle of the hydrophobic dielectric layer, and the surface tension, respectively.
Boundary Conditions
In the simulation model, boundary conditions are the prerequisites for determining the solution of governing equations on the boundary. The zero-charge boundary condition should be set on all sides of the model. For electrostatic field boundary conditions, the voltage V and the ground need to be specified. The wetted wall, the initial interface, and the outlet need to be specified in phase-field boundary conditions. The wetted wall boundary can be calculated by Eqs. 21,22.
[image: image]
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The interface of the two-phase flow was selected as an initial boundary condition. Both sides of the model (except the pixel walls) were selected as inlet and outlet boundary conditions. In addition, initial values of pressure and velocity in the laminar flow field were set to 0. The wall condition was set to no slip. These setting of boundary conditions were shown in Figure 2. The dotted box in Figure 2 represents the symmetric boundary condition.
[image: Figure 2]FIGURE 2 | The boundary conditions for the electrostatic field, phase field, and laminar flow field. Where [image: image], [image: image], [image: image], and [image: image] represents the velocity, pressure, contact angle, and voltage of the boundary conditions respectively. The pixel wall and outlet are symmetrical boundary conditions.
PROCESS AND DISCUSSION
The parameters used in the simulation were shown in Table 1. The fluid (oil and water) in the model was set to incompressible flow. It was assumed that the temperature (25°C) was kept constant during the fluid movement, so the thermal expansion of the fluid was ignored. The influence of pressure on dynamic viscosity was ignored. In addition, the Bond number describes the relationship between gravity and surface tension in the EWDs model, and it is far less than 1. So the gravity can be neglected [16]. In the simulation, the polar liquids were replaced by water [31].
TABLE 1 | Structure, material, and interface parameters of the model.
[image: Table 1]The proposed simulation model was shown in Figure 2. The natural spreading and shrinking process of oil were realized in this model. To describe the display performance of EWDs, it is necessary to calculate the aperture ratio. The aperture ratio is an important performance index of EWDs, which is a proportion of opening area in a whole pixel [20]. When the aperture ratio was calculated in two dimensions, the bottom of the EWD was considered as a square, and [image: image] is used to represent the aperture ratio, [image: image] is the length of the contact line between the oil and the hydrophobic insulating layer in two dimensions structure, and [image: image] is the area of the hydrophobic insulating layer. The aperture ratio was calculated by using Eq. 23.
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When the electric field inside a pixel was analyzed, the electric field formula was used, as shown in Eq. 24. Where [image: image], [image: image], [image: image] represents the electric field, the voltage, and the distance between the two potentials, respectively.
[image: image]
In this paper, the EWD model was implemented by COMSOL Multiphysics 5.4. The aperture ratio test platform was shown in Figure 3. This test platform included a waveform editing system, a signal amplifier, and a detection system. The waveform editing system was used to edit and generate waveform signals, which was consisted of a computer and a function signal generator. The signal was amplified by the signal amplifier to drive the oil. The detection system was used to collect oil movement image of EWD panel in real time, which was consisted of a high-speed camera and an image processing system. The aperture ratio was obtained by the image processing platform.
[image: Figure 3]FIGURE 3 | An aperture ratio test platform for EWDs (A) A waveform editing system (B) A function signal generator (C) A signal amplifier (D) A high-speed camera and a microscope (E) An image processing system.
Influence of Dynamic Viscosity
The dynamic viscosity is an important parameter in fluid. The dynamic viscosity of oil can affect the aperture ratio and response time [20]. The response time is expressed as T. In one driving cycle, the time for applying the driving waveform is represented by T1, and the time when the pixel reaches the maximum aperture ratio is represented by T2. The response time is equal to the difference between T2 and T1. In this paper, an experiment of oil dynamic viscosity from 0.0005 Pa·s to 0.003 Pa·s with an interval of 0.0005 Pa·s was designed, and the experimental results were shown in Figure 4. When the dynamic viscosity was changed from 0.002 Pa·s to 0.003 Pa·s, the response time was shorter and the aperture ratio was larger. Figure 5 showed that when the dynamic viscosity of oil was less than 0.0015 Pa·s, the oil was split into two pieces. Otherwise, the oil was pushed into a corner with a whole block. Therefore, the oil with a dynamic viscosity from 0.002 Pa·s to 0.003 Pa·s should be selected in current conditions. Figure 6 showed the process of a switch-on and a switch-off in a pixel with specific conditions. The conditions were that the voltage was 32 V and the oil dynamic viscosity was 0.002 Pa·s. The results showed that the oil was pushed into a corner with a whole block. So, the dynamic viscosity of oil was set to 0.002 Pa·s.
[image: Figure 4]FIGURE 4 | The influence of oil dynamic viscosity on pixel aperture ratio and response time.
[image: Figure 5]FIGURE 5 | The influence of oil with different dynamic viscosity on oil-splitting. When the dynamic viscosity of the oil was higher than 0.0015 Pa·s, the oil was pushed with a whole block. Otherwise, the oil was divided into two pieces.
[image: Figure 6]FIGURE 6 | In COMSOL software, the movement process of oil and water (black represents oil, light yellow represents water) was intercepted (A) After applying 32 V voltage, the oil was shrunk with the action of electrostatic field force, which was completed in 4 ms. (B) When the driving voltage was removed, the oil was naturally spread, and the process was completed in 6 ms.
Influence of Driving Waveforms
In a pixel, the voltage of driving waveform was converted into electrostatic field force and applied to the water and oil. In the simulation, the gradually increasing voltage was set by the parametric scanning method, and the results were shown in Figure 7. When the voltage was lower than 16 V, the shape of oil was squeezed down at both sides of a pixel, but the oil was not split. When the voltage was changed from 16 to 36 V, the aperture ratio was almost increased linearly. When the voltage was higher than 36 V, the aperture ratio was increased slowly and reached the maximum. At the same time, the oil was split into two pieces. The blue curve in Figure 7 represented the maximum aperture ratio of an actual EWD pixel when the voltage was changed from 16 to 36 V. The length and width of an actual pixel were 150 and 150 μm, respectively. The aperture ratio of the actual pixel was measured on the test platform in Figure 3. The results showed that the value of simulation was close to the actual before 20 V. In the range of 20–28 V, the simulation value was 4.3% higher than the actual, and in the range of 28–36 V, the simulation value was 10.5% higher than the actual. Altogether, the trends between these two were consistent. Therefore, the accuracy of this simulation model was verified.
[image: Figure 7]FIGURE 7 | The aperture ratio between simulation and an actual pixel. When the voltage was changed from 16 to 36 V, the change curve of aperture ratio between the actual pixel and simulation was obtained. The length and width of an actual pixel were 150 and 150 μm respectively. The changing trend of aperture ratio was consistent between simulation and actual EWD pixel.
The driving waveform has influence on the movement of oil [32–34]. To comprehend the acceleration ability of oil with the action of driving waveforms in one cycle, these driving waveforms with a different rising slope were designed, as shown in Figure 8. The change of aperture ratio with the action of four driving waveforms was shown in Figure 9. With the slope increased, the response time was shorter. When the slope was infinite (square waveform), the oil was split into two pieces. The experimental data showed that the moment when the pixel reached the maximum aperture ratio later than the moment that the driving waveform reached the maximum voltage for 2–5 ms. The greater the slope, the stronger the oil acceleration. So, a maintenance period of 2–5 ms should be set to drive a pixel for reaching the maximum aperture ratio. It took more than 6 ms in the natural spreading stage.
[image: Figure 8]FIGURE 8 | Four driving waveforms with different slopes were designed. The starting voltage was set to 16 V. K in the cleft was the slope, and the slopes of the four waveforms are 50, 100, 200, and infinite, respectively. The effective driving cycle was 10 ms, and the latter 10 ms was set to 0 V.
[image: Figure 9]FIGURE 9 | The pixel aperture ratio was obtained with four driving waveforms.
Relationship Between Electrostatic Field Force and Oil Movement
The forces on the fluid can be divided into volume force and external force. The volume force can be divided into surface tension and electrostatic field force. The electrostatic field force is a key factor that affects the oil movement of EWDs [35, 36]. To obtain the relationship between the movement status of oil with a whole block and the internal electrostatic field force. Parameters were determined based on Waveform 2 in Figure 8, the voltage was set to 32 V and the oil dynamic viscosity was 0.002 Pa·s.
The change of the internal electric field inside a pixel was shown in Figure 10. In the vertical direction, the internal space of the pixel was divided into a water channel and an oil-water mixed channel. As shown in Figure 10B, the internal space of the pixel can be divided into areas 1, 2, 3, and 4, respectively, areas 1, 3 were oil-water mixed channels, and areas 2, 4 were water channels. E1, E2, E3, and E4 represented the internal electric fields formed by areas 1, 2, 3, and 4, respectively. In the analysis process, the water with a high dielectric constant (80) as a conductor of electricity and oil as an insulator was considered. According to Eq. 24, the internal voltage U was 0 V in the water channel, so the internal electric field E was 0 (V/m). In the area of the oil-water mixed channel, if U remained unchanged and d was increased, the internal electric field was decreased. On the contrary, the internal electric field was increased. Therefore, the internal electric field force was proportional to the thickness of the oil, and the oil was split easier in the thin area. The red arrows in Figure 10B indicated the direction of the internal electric field. When the water was considered as a conductor of electricity, the voltage at the oil-water interface was the same. As the height of the oil increased, the electric field at the high of the oil was smaller, and the electric field at both sides was greater than the highest. Therefore, a non-uniform electric field was formed in the oil, and the oil formed a spherical cap shape with the action of the non-uniform internal electrostatic field.
[image: Figure 10]FIGURE 10 | The change of the internal electric field inside of a pixel (A) The internal electric field of the initial interface (B) The internal electric field in the process of oil movement. E1, E2, E3, and E4 represented the internal electric fields formed by areas 1, 2, 3, and 4, respectively.
The change of the internal electrostatic field force inside a pixel was shown in Figure 11. The result was obtained by the integral calculation of electrostatic field forces in a pixel space (except the pixel walls). When the oil was in State 1, a new water channel was formed in the oil ruptured area, and the internal electric field was reduced in this area. So, the electrostatic field force was reduced at this stage. Then, the voltage was increased linearly, the electric field in the pixel space was increased overall. As a result, the electrostatic field force was also increased. When the oil became State 2, the oil was pushed to the highest. Although the voltage kept the maximum, the internal electrostatic field force was reduced. This was mainly due to the larger water channel area.
[image: Figure 11]FIGURE 11 | The relationship between fluid status and electrostatic field force. Taking Waveform 2 as the input term, the electrostatic field force in a pixel space was integrated, and the results of the electrostatic field force in the driving period were obtained.
DRIVING WAVEFORM DESIGN FOR SUPPRESSING OIL-SPLITTING
In a two-dimensional EWD model simulation, a pixel switch-on process can be divided into three stages. In the first stage, oil was ruptured randomly on one side of a pixel. The other side was squeezed down, but not ruptured. This stage was maintained about 1 ms. In the second stage, oil was continuously squeezed, the oil was driven both vertically and horizontally with the action of the non-uniform electrostatic field force. If the voltage was large enough, oil on the side which was not ruptured previously was split. This stage was maintained about 2–5 ms. In the third stage, oil was driven horizontally, and the height of oil was almost unchanged. By analyzing these stages, the conclusions were obtained as follows. The oil was thin and the electrostatic field force applied to the oil was large in the first stage. When a high voltage more than 36 V was applied, the oil was split into two pieces. The oil-splitting appeared in the first and second stages. So, combined with the analysis of oil movement in the first and second stages, a driving waveform was proposed for suppressing the oil-splitting. The proposed driving waveform was divided into three stages as shown in Figure 12. In the first stage, the waveform started at 36 V (high voltage), then was dropped to 30 V rapidly, and maintained for 0.5 ms, respectively. The purpose of this stage was mainly to drive the oil to rupture on one side. In stage 2, the voltage value was maintained at 30 V for 2.5 ms. At this stage, oil was mainly driven in one direction horizontally. In stage 3, when the oil was pushed thick enough, the voltage can be increased, and the oil was not split anymore. This stage was to improve the response speed of the pixel. When the square waveform was applied to this model, the oil was split into two pieces at 1.5 ms as shown in Figure 13A, and then the oil was driven to the middle of a pixel at 5 ms. When the proposed driving waveform was applied to this model, the oil was pushed a corner with a whole block as shown in Figure 13B. The result showed that the proposed driving waveform can effectively suppress oil-splitting, and the aperture ratio was increased by 2.9% compared to the square waveform.
[image: Figure 12]FIGURE 12 | The proposed driving waveform and the traditional square waveform. The proposed driving waveform had three stages which were maintained for 1 ms, 2.5 ms, and 5.5 ms, respectively, and the period of the square waveform and the proposed driving waveform were both 18 ms. The rest of the blue curve overlapped with the square waveform.
[image: Figure 13]FIGURE 13 | When the proposed driving waveform and the square waveform were applied, the change of oil status was obtained (A) With the driving of the square waveform, the oil was split into two pieces, the aperture ratio was 76.67% (B) With the driving of the proposed driving waveform, the oil was pushed into a corner with a whole block, and the aperture ratio was 78.89%.
CONCLUSION
In this paper, a two-dimensional EWD model was established. This model was used to simulate the influence of dynamic viscosity, voltage, and waveform on oil-splitting. The oil was easily broken into two pieces with a high voltage. In addition, the internal electrostatic field force and oil movement were affected by each other. On the basis of the traditional square waveform, the proposed narrow falling ramp drove the oil to rupture quickly on one side of a pixel. The proposed low voltage maintenance stage can effectively suppress the oil-splitting. After applying this optimized waveform, the aperture ratio of a pixel was increased. The simulation model can provide a prediction scheme for the selection of oil and the design of the driving system in practical application. By adjusting part of the structure or material parameters of the model, it can be applied to other schemes of EWDs.
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