
Supplementary Information 

Derivation of the Dynamic Saturation Model 

The principle of electrowetting-on-dielectric (EWOD) operation is described by the Lippmann 

equation [1]: 
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where d is the thickness of the dielectric layer and γ is the surface tension between liquid and gas 

interface. εr and ε are the relative permittivity of the dielectric and the vacuum permittivity, respectively. 

θ(0) and θ(V) are the contacting angle before and after voltage is applied. 

When the droplet is transported on the open digital microfluidics (DMF) chip, Equation (S1) should 

be changed to [2]: 
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because the voltage of source is evenly applied on the two identical capacitors (shown in Figure S1). 

In EWOD applications, the radium of droplet should not be lager than 1 mm, below which the  

surface tension dominates the droplet and the influence of gravity can be neglected. According to  

three-contact-line theory [3], the electrowetting force is calculated by the product of fdr and effective 

contact line length l on the activated electrode. Besides, the hysteresis effect [4] in the EWOD surface 

should be taken into account, which is assumed to be a constant ∆f. Therefore, the net electrowetting 

force is rewritten in the following expression [6]. 
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Herein, effective contact line length l is determined by the boundary structure formation of the 

adjacent electrodes. Specially, when the droplet moves, the contact line length varies with the droplet 

positions on the electrodes as shown in Figure S2c. 

When the droplet moves from one electrode to the next adjacent one, its contact line length on the 

activated electrode varies from initial length x0 to l. Take a careful inspection of the process, the contact 

line length can be expressed as: 
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For simplification, the average effect line length is calculated as the following. 
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Here, x represents the displacement of droplet on the device, and l = 2R. 

For an optimized droplet motion effect, x0 is usually set in the range of [0.2l, 0.3l]. The responding 

values of effective contact line length are listed in the following Table S1. 

Table S1. Effective contact line length varies with the initial contact line length. 

x0 0.2l 0.22l 0.24l 0.26l 0.28l 0.3l 
leff 0.67l 0.65l 0.64l 0.62l 0.60l 0.58l 
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For simplification, the value of is set as 0.6l, i.e., sixty percent of the electrode width. 

When the droplet moves, it suffers damping forces due to the friction in interfaces. The damping force 

from surrounding medium such as air or silicone oil is relatively weak and neglected. The primary 

damping force is caused by the surface of EWOD device. For parallel-plate configuration, the viscous 

drag force between the plates and the droplet is expressed as [5–7]: 
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h
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where CV is an empirical constant in the range of 10~15 [9]. h is the distance between the top and bottom 

plates of the parallel-plates EWOD, and S represents the droplet covering area on the EWOD device. 

 

Figure S1. Equivalent electric circuit of the single-plate EWOD device. The dielectric layer 

is modeled as a capacitance C1, the electrode is modeled as a resistance R1, and the droplet 

is considered as a function of resistance R0 and capacitance C0.  

 

Figure S2. (a) The top view of the single-pate EWOD device. When the droplet moves from 

the initial position (left) to the equilibrium position (right), the contact line length (red line) 

is a function of droplet displacement on the electrode which changes in range of (0.2l, 0.3l). 
(b) The side view of the single-plate EWOD device, wherein the red stands for the activated 

electrode, and the green stands for the grounded electrode. (c) The effective contact line 

length variation with the droplet position which changes in the advancing direction. The red 

dash line represents the average value of varied contact line length. Note that the value in (c) 

represents the normalized contact length to the electrode width. 
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For the droplet transported on a single-plate EWOD, h could be replaced with the droplet height (see 

the Figure S2b) since the device lacks the top plate. Thus the damping force on single-plate EWOD is 

written as: 
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R
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Here, R is the radium of the droplet, and αR is the droplet height. α is a parameter related to the contact 

angle. We assume that the droplet keeps spherical and experiences symmetrically deformation. The initial 

contact angle of the droplet on the hydrophobic surface is assumed to be 120 degree. 
2 2sin cS R= π θ  (S8)
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Meanwhile, R varies with the deformation of the droplet when driving voltage is applied. For 

simplicity, the influence of R variation in the modeling is neglected, which will be explained to be 

reasonable in the following. 

In this study, we focus on the droplet motion on the single-plate EWOD device in ambient air. In this 

case, the damp force working on the droplet mainly comes from the bulk and from the moving contact 

line, which are of the same order of magnitude [7]. The contact angle hysteresis and damp effect in the 

triangle region are considered as manifestations of the pinning effect. Furthermore, pinning manifests 

itself as a stick-slip motion along the triple contact line for sessile droplets [8] and adversely affects the 

switching speed [9]. Thus, taking into account the pinning effect is necessary for making reasonable 

droplet dynamics model. Thus, the equation S6 should be rewritten as: 
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where Kc is the damp factor caused by the pinning effect in the triangle region, and is in the order of  

2–4. Here, we assume it equals to three. 

Combining Equations (S8) and (S9), Equation (S10) is written as the following: 
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To achieve droplet moving with a steady velocity on the open DMF chip there exists a dynamic 

equilibrium between driving force and damping force. 

dr dmF F=  (S12)

Based on Equation (S12) a dynamic model of droplet transported on the single-plate EWOD is 

obtained, as shown below. 
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Combining Equations (S2) and (S13), the following equation is obtained: 
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The parameters values used in the calculations are presented in Table S2.When applied voltage is 

high enough, the influence of ∆f can be neglected compared with the driving force, and Equation (S14) 

is simplified to be: 
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To fit the experiment results, some difference between the theoretical and practical cases should be 

claimed. The velocity value reported in literature is obtained by dividing the length of an electrode by 

the transport time, which is the mean value. While the value induced by this model is the steady velocity, 

i.e., the maximum. However, as shown in Figure S3a, the droplet transport experiences three basic 

process, including acceleration, steady migration, and deceleration. Thus, the mean transport velocity 

should be smaller than the steady one. The acceleration is related to the electrowetting process, which is 

not understood very clearly. But it’s solid that this process costs a period of time, and the velocity 

increases until it reaches the steady state with maximum value. The deceleration of droplet also costs 

some time and finally comes to be still. Thus, it is reasonable to decrease the value predicted by this 

model by a factor, K1, in the range of (1, 2). The value of K1 is determined by the time cost in acceleration 

and slow down process. 
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Another error comes from the neglect of the radium change of droplet deformation. As Figure S3b 

shows, with the decrease of contact angle, R will become larger. But the variation of R is limited by the 

fact that the contact angle would get saturated in about 80° [10,11] and at this time the R keeps invariable. 

Table S2. Parameter values used in Equation (S14). 

Parameters Value 

d 1 µm 			ε௥ 7.8 
γ 72.6 mN/m 

Cv 12.5 
μ 0.001 Pa·s 
Δf ~1.25 nN 
l 1 mm 
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Figure S3. (a) The droplet velocity variation as a function of time; and (b) the droplet radium 

variation as the contact angle changes from 120 to 80 degree. Note that, the curve in (a) does 

not present the real case of the droplet motion process, but represents the acceleration, stable, 

and slow down processes in principle. The mean value is used as the measured value in 

reported literatures, and the stable one is utilized in this dynamic model. Besides, the red 

plots in (b) represent responding applied voltages of the contact angle, which gets saturated 

at the point of about 80 degree in voltages higher than 55 V due to the contact angle 

saturation effect [12]. 
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