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Abstract An electrowetting on dielectric (EWOD)-based

micropump was used as a platform to study the contribu-

tion of the pinning and wetting-line velocity effects on its

flow rate. In this micropump, a droplet is driven into a

microchannel using EWOD to manipulate a meniscus in

the channel. An interesting observation was that the

shrinking input droplet changes its shape in two modes: (1)

in the first mode, droplet contact angle decreases while its

wetting area remains constant (pinning) and (2) in the

second mode, droplet wetting line recedes while its contact

angle changes as a function of its velocity (dynamic contact

angle). Unexpectedly, the micropump flow rate was found

to be constant in spite of the changes in the droplet radius.

The pump performance was studied to unravel the physical

concept behind its constant flow rate. A detailed charac-

terization of variation in contact angle due to pinning,

wetting-line velocity, and EWOD was carried out.

Dynamic contact angles were used to accurately calculate

the pressure gradient between the droplet and the meniscus

for flow rate estimation. It was shown that neglecting either

the wetting-line energy or the velocity effect results in not

only a considerable gap between the predicted and the

measured flow rates but also an unphysical instability in

flow rate analysis. However, when these effects were fully

taken into account, an excellent agreement between the

predicted and the measured flow rates was obtained.
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Hysteresis � Dynamic contact angle � Wetting-line
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Abbreviations

EW Electrowetting

EWOD Electrowetting on dielectric

PDMS Polydimethylsiloxane

SOG Spin-on glass

WL Wetting-line

WLE Wetting-line energy

WLV Wetting-line velocity

1 Introduction

In devices that are designed based on electrowetting on

dielectric (EWOD), a liquid meniscus is manipulated by an

applied voltage which reduces the contact angle of

the wetting line (WL) formed at the boundary between the

liquid, air, and the solid surface. The behavior of the

moving WL has a complex nature due to the WL pinning

and wetting-line velocity (WLV) effects, which alter the

liquid contact angle on the solid surface from its equilib-

rium value obtained from Young’s equation (Young 1805;

Baviere et al. 2008). The wetting-line energy (WLE) effect

or pinning effect is a result of the local microscopic defects

on the solid surface (Tadmor 2004), by which liquid is

pinned to the surface. Therefore, different values for con-

tact angle are expected depending on whether the WL is in

advancing or receding modes. The contact angle is also

changed when the WL is moving, depending on the mag-

nitude and direction of the WLV (Dussan 1979; Nelson

et al. 2011). Theoretical and numerical models have been
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developed to describe the moving WL (Shikhmurzaev

2006; Blake and De Coninck 2002; Huh and Scriven

1971); (Tanner 1979). In devices based on EWOD, the

problem is more complicated due to the saturation of

contact angle at higher voltages (Quinn et al. 2005; Mugele

and Baret 2005). The study on the moving WL in elec-

trowetting (EW)-based devices, for discrete droplet

manipulation, has also been the focus of many studies

(Zeng and Korsmeyer 2004; Berthier et al. 2007; Lu et al.

2007; Lienemann et al. 2006; Walker and Shapiro 2006;

Walker et al. 2009; Jang et al. 2007; Ahmadi et al. 2010;

Bahadur and Garimella 2006; Ren et al. 2002; Keshavarz-

Motamed et al. 2009; Chen and Hsieh 2006; Schertzer et al.

2010). It has been shown that consideration of the pinning

effect is essential to predict the accurate timescale of the

droplet motion (Walker et al. 2009; Walker and Shapiro

2006). The dynamics of the WL was also investigated to

model the droplet motion on the electrodes (Keshavarz-

Motamed et al. 2009; Ren et al. 2002; Bahadur and

Garimella 2006; Chen and Hsieh 2006; Sen and Kim 2009;

Annapragada et al. 2011).

In this work, a combined theoretical/experimental

approach was developed to study a continuous constant

flow of an EWOD-based micropump. The flow was

induced by manipulating a meniscus on an EWOD sub-

strate, which corresponds to the bottom wall of a micro-

channel cast in a PDMS slab. An input droplet was used as

a positive pressure source. By applying the voltage, the

contact angle is reduced at the bottom of the channel,

which results in a lower Laplace pressure inside the

channel. Therefore, a positive pressure gradient is pro-

duced between the droplet and the meniscus. The droplet’s

WL recedes as it shrinks into an orifice leading to the

channel. The WL pinning and the WLV effects need to be

taken into account to describe the dynamic contact angles

at the WLs: (1) the droplet’s receding WL, (2) the

advancing WLs of the liquid meniscus on the upper and

side walls of the channel, and (3) the advancing WL on the

bottom of the channel with a reduced contact angle due to

EWOD. These two effects are crucial to developing a

physically relevant model for the flow rate analysis. This is

due to the fact that the accurate estimation of the contact

angles is necessary to calculate the induced droplet/

meniscus pressure gradient (Lu et al. 2007) and subse-

quently the micropump’s flow rate.

2 Experiments and flow rate analysis

2.1 Contact angle hysteresis and mode switch

The EWOD substrate of the micropump consists of a sili-

con wafer spin-coated with a stack of three thin films of (1)

polydimethylsiloxane (PDMS), (2) spin-on glass (SOG),

and (3) a second layer of PDMS (Fig. 1). Silicon wafer is a

conductive layer. SOG is an insulating layer with a thick-

ness of 0.2 lm and a dielectric constant of 3.9 (Pai 1987;

Wang et al. 1997). The first PDMS layer (on silicon) was

found to improve the quality of the insulating layer by

covering the surface defects. The second PDMS layer is

used as a hydrophobic layer with a thickness of 1.1 lm.

SU-8 mold on a different silicon wafer was used to cast a

microchannel in a PDMS slab (soft lithography). The

PDMS slab was bonded to the EWOD substrate to form a

closed channel. A syringe pump was connected to the

microchannel as shown in Fig. 1. The liquid flowed

through the channel and then through a via-hole which has

a bigger cross section compared to the channel, forming a

droplet on the top of the orifice. The micropump’s input

droplet is stable with a contact angle of 86�. Only after

applying a DC voltage between the silicon wafer and the

steel pin (electrodes), the liquid will flow through the

channel.

The input droplet is driven into the channel in two

phases. In phase I, the droplet’s wetting area remains

constant until droplet’s contact angle decreases to 80� due

to pinning. Such phenomenon has been also observed for a

passive micropump (Berthier and Beebe 2007). In contrast,

in phase II, both the droplet’s wetting area and contact

angle decrease as the droplet is driven into the channel. The

further decrease in droplet’s contact angle is due to WLV

effect (Shabani and Cho 2011). The reported variable

droplet’s contact angle on untreated PDMS surface is in

agreement with the data reported in literature (Berthier and

Beebe 2007; Shabani and Cho 2011). These results are later

incorporated in the analysis of the micropump constant

flow rate.

In an experiment, this phenomenon was studied for

droplets with advancing and receding WLs by measuring

the droplet’s contact angle, hD, with respect to its WL

Fig. 1 EWOD-based micropump: a microchannel cast in PDMS slab

is bonded to the EWOD substrate (PDMS/SOG/PDMS/Si). An input

droplet is driven into the channel, and a continuous constant flow is

induced upon turning on the voltage
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position. A syringe pump was connected to a microchannel

leading to an open orifice formed in a PDMS layer

(Fig. 2a). Pinning without EWOD was observed by

injecting (drawing) liquid at a very low flow rate to form an

advancing (receding) droplet on the top of the orifice.

In stage 1 of the experiment, the liquid was pumped out

of the orifice with a uniform and low flow rate of 0.1 lL/min

(Fig. 3a). The contact angle remained constant at the

advancing contact angle, hA, with an average of 86� as the

WL was moving forward. In stage 2 the droplet from stage

1 was drawn back into the orifice using refilling mode of

the syringe pump. The WL was pinned to the substrate as

the contact angle was decreasing from hA to the receding

contact angle, hR, with an average of 69�. In stage 3, the

droplet was drawn further. The droplet contact angle

remained constant at hR as the WL was receding. Then

liquid was pumped out again (stage 4), and the droplet

contact angle increased from hR to hA while the WL was

pinned to the surface.

The contact angle hysteresis with four modes is shown

as a closed loop by plotting the contact angle versus WL

position (Fig. 3b). Droplet’s WL position was measured

from the center of the droplet. Interestingly, when EWOD

is performed, the droplet exhibits a similar behavior, and

only the contact angle hysteresis loop is shifted toward

lower contact angles (Fig. 3b).

A high-gauge needle connected to a syringe pump was

placed parallel to EWOD substrate (Si as lower electrode/

dielectric SOG/hydrophobic PDMS) and used for injecting

(drawing) liquid (Fig. 2b). The needle was also used as the

upper electrode. A power supply was connected between

the needle and the silicon substrate. Liquid was injected

(drawn) through the needle at a very low flow rate to form

an advancing (receding) droplet on EWOD substrate.

Contact angle hysteresis is reduced by increasing the DC

voltage, as evidenced by the smaller area occupied by the

hysteresis loop. This is discussed in more detail in the next

section.

2.2 Wetting-line velocity effect

The advancing (receding) contact angles are further chan-

ged by the direction and the magnitude of the droplet’s

WLV (Dussan 1979; Blake 2006). In the next experiment

this effect was shown for positive (advancing), zero, and

negative (receding) velocities (Fig. 4a, b). The setup

depicted in Fig. 2a was used to observe the effect of WLV

on droplet contact angle by increasing the injecting

(drawing) flow rate (dynamic contact angles). The contact

angle was measured versus the WLV using frame-by-frame

video analysis.

In stage A, a droplet is pumped out of the orifice

(positive WL velocities). For a constant pumping rate, the

droplet’s WLV is higher when it is small and becomes

Fig. 2 Experimental setups for a contact angle hysteresis and

wetting-line velocity effect without EWOD and b pinning effect

with EWOD

Fig. 3 Contact angle hysteresis and the mode switch. a A droplet (on

the top of an orifice formed in PDMS) with advancing (stage 1),

receding (stage 3), and pinned (stages 2 and 4) WLs when no voltage

is applied. Droplet contact angle, hD, decreases in stage 2 and

increases in stage 4 due to pinning. b Droplet contact angle versus its

WL position, measured from the center of the droplet. Contact angle

hysteresis loops for 0 and 100 V
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lower for larger size of the droplet. A higher value for

contact angle is observed for higher velocities.

In stage B, the droplet is drawn back into the orifice

without giving time to the droplet for relaxation. The

contact angle is reduced to 80s, while the wetted area

remains constant. The contact angle change at zero velocity

(vertical line) represents the pinning or the hysteresis in

contact angle (Fig. 4b, stage B). In stage C, the droplet is

drawn further resulting in negative WLV. Here, a smaller

contact angle is observed for higher magnitude of the WL

negative velocity. In summary, a significant change in

contact angle as large as 50� could be induced by WLV and

pinning effects for the range of WL velocities studied here.

Measurement data for the receding WL are used (Fig. 4b,

stage C) to describe the variable contact angle of the

shrinking droplet versus its WLV during phase II of the

micropump operation (Shabani and Cho 2011).

For an initial input droplet diameter of 1 mm, a

meniscus velocity of 0.5 mm/sec was measured in the

microchannel using frame-by-frame video analysis of the

top view of an advancing meniscus in the channel.

The liquid velocity was obtained from the slope of the

measured meniscus position versus time. The meniscus

velocity is much larger than the velocity of the droplet WL

in Fig. 4b (\0.05 mm/sec).

For such high velocities the method used in Fig. 4a, b is

not feasible due to limitation in flow rate of the syringe

pump and the droplet instability and deformation in test

setup of Fig. 2a. Fortunately, without applying any voltage

to the setup depicted in Fig. 1, all four walls of the channel

have the same contact angle and hCh could be directly

measured from top-view images. Meniscus velocities, UCh,

as high as 2 mm/sec, could be easily achieved inside the

channel (Fig. 4c). Experimental data depicted in Fig. 4c

are used for the contact angle on the side and top walls of

the channel in the flow rate analysis.

The last data needed are the liquid contact angle on the

bottom of the channel, hEW, upon applying a DC voltage of

100 V. However, the direct observation of hEW from the

side view of the PDMS channel is not feasible unlike the

observation of hCh from the top view. This is due to non-

smooth and opaque surfaces when PDMS was cut on the

sides. Moreover, the contact angle calculated by Young–

Lippmann’s equation for a voltage of 100 V could not be

used since the pinning and WLV effect are present at the

bottom of the channel (dynamic hEW at the advancing WL

in the channel). Instead, hEW was considered as a fitting

parameter, and the validity of the values obtained for hEW

was justified by comparing with other experimental data,

that is, the contact angle should be smaller in the presence

of EWOD as compared to hCh.

2.3 Derivation of governing equations for flow rate

analysis

A novel approach for flow rate analysis is introduced by

taking a dynamic contact angle into account in writing

energy equation for the system. This is an improvement

over sophisticated commercial software, limited only to

equilibrium Young contact angle (Zeng and Korsmeyer

2004) based on Young’s equation.

Here we need to highlight that (a) the flow rate inside

the channel is a function of the meniscus contact angle and

Fig. 4 WLV effect on the contact angle a droplet is pumped out

(stage A) and drawn into (stages B and C) an orifice on PDMS

surface. b Droplet dynamic contact angle versus its WLV. hD and hCh

used in models 1–3 are estimated and labeled. c Dynamic contact

angle versus meniscus velocity in the channel
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(b) the contact angles themselves are a function of the flow

rate. Therefore, a self-consistent solution could be obtained

only using implicit computational methods.

The algorithm for this approach is developed following

the continuity and energy equations, and its physical

implications are demonstrated. The proposed algorithm

could be fitted to various microfluidic systems with dif-

ferent geometries for flow rate estimation. A numerical

calculation was carried out using MATLAB. Some of the

parameters used in the analysis are shown in the side and

top views of the micropump schematic (Fig. 5a, b). The

size of the channel is exaggerated as compared to the ori-

fice size, d, for clarity. The micropump channel has a

rectangular cross section with a height, h, and a width,

w (60 lm 9 250 lm). Although the nominal depth of the

channel is supposed to be 100 lm according to the data

sheet provided by the SU-8 photoresist manufacturer

(MicroChem Corp.), the channel thickness was measured at

several different points using a surface profiler (Tencor

Alpha-Step 200) to be 60 lm. The input droplet has a

radius of curvature of RD and a contact angle of hD. The

liquid meniscus contact angles on the channel sides and

top, hCh, are similar, while the meniscus contact angle on

the bottom of the channel, hEW, is smaller due to EWOD.

Also, the forces exerted on the meniscus WLs on the

four walls of the channel are shown in Fig. 6. Unlike the

spherical shape of the droplet, the meniscus inside

the channel has a complicated shape since hCh and hEW are

not equal. Therefore, to obtain the meniscus pressure, an

analysis of the surface tension forces acting on the

advancing WLs in the channel is utilized. The effect of the

electrostatic force is taken into account by considering a

reduced hEW at the bottom of the channel due to EWOD.

The liquid meniscus in the channel is not spherical, yet

due to a uniform Laplace pressure in the liquid, the sum of

the inverse of the two radii of curvatures (1/R1 ? 1/R2)

should be similar at all points on the meniscus. Except for

the cases with a high symmetry, such as a square or rect-

angular channel with equal contact angles on all the

channel walls (Hosokawa et al. 1999) and a confined

droplet at equilibrium between two plates with equal con-

tact angles (Schertzer et al. 2009), computational methods

have been used to find the meniscus pressure (Zeng and

Korsmeyer 2004). Nevertheless, it is possible to calculate

the pressure of the meniscus inside a rectangular channel

for a general case (different contact angles on the channel

walls) without the need to calculate the surface curvature.

An expression was derived for liquid meniscus pressure,

PM, based on the forces exerted on the meniscus WLs on

the four walls of the channel. The parallel component of

the surface tension force exerted on the liquid WL on the

channel’s side wall (Fig. 7a, b) was found to be ch cos hCh,

where c is the water surface tension (72 mN/m). Similarly,

the parallel components of the surface tension forces

exerted on the wetting lines on the top and bottom walls of

the channel were found to be cw cos hCh and cw cos hEW,

respectively. The meniscus pressure, PM, is derived by

dividing the sum of the surface tension forces parallel to

the channel by the channel area:

PM ¼ �c=whð Þ 2hþ wð Þ cos hCh þ w cos hEW½ � ð1Þ

The spherical droplet pressure, PD, from Laplace pressure

equation is 2c=RD. The micropump driving pressure, PMP,

is the difference between PM and PD:

PMP¼ c � 2=RDð Þþ coshCh � 2hþwð Þþ coshEW �wð Þ= hwð Þð Þ
ð2Þ

The total driving pressure in Eq. (2) should be equal to the

viscous pressure loss in the channel, hfqg, where q is

liquid’s density. The channel head loss, hf, is obtained from

the Darcy–Weisbach equation to be fLeffUCh
2 /(2DH�g), in

which f is the friction factor, Leff is the effective liquid

length in the channel (the sum of LCh, orifice length, and
Fig. 5 Analytical model physical parameters defined on a side view
of the micropump and b top view of the micropump

Fig. 6 Surface tension force exerted at the meniscus WL on the

channel side wall a top view of the channel with a width of

w. Differential length of the WL on the side wall is dL b side view of

the channel with a height of h
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other head losses), UCh is the liquid velocity in the channel,

and DH is the hydrodynamic diameter. DH of the

rectangular channel with a width, w, and a height, h, is

equal to 2wh/(w ? h). Reynolds number for the flow in the

channel with an order of 1 mm/s is calculated to be *0.1

using DH. Thus, assuming a laminar flow in the

microchannel, the friction factor will be 64/ReDH
. The

relation between the micropump pressure, PMP, and

the liquid velocity in the channel, UCh, is expressed by:

UCh ¼ PMP= 8 l Leff � 1=wþ 1=hð Þ2
� �

ð3Þ

where l is water viscosity (0.001 N.s/m2). Bond number

measures the relative strength of gravity with respect to

surface tension and is defined as gqL2/c, where g is stan-

dard gravity and L is the characteristic length scale, for

example, the droplet’s radius or the height of the micro-

channel. Bond number for the droplet with an order of size

of 1 mm is small (*0.1), and hence, the gravity is

neglected throughout the rest of the analysis.

The capillary number is the ratio of viscous force to the

surface tension force acting across the WL and is defined as

lU/c, where l and c are the liquid viscosity and surface

tension, respectively, and U is the velocity of the WL. The

capillary number is calculated to be much smaller than

unity (*10-5) for water viscosity of 1 mPa.s and surface

tension of 72 mN/m and an order of U of 1 mm/s. Thus,

the surface tension force dominates the inertial force.

The dimensionless EW number represents the ratio of

the electrostatic energy to the surface tension and is defined

as cV2/(2c), where c is the capacitance of the EWOD

substrate and is calculated to be 10 lF/m2 (Shabani and

Cho 2012) and V is the applied DC voltage. EW number

for the EWOD setup is calculated to be 1 for the applied

DC voltage of 120 V. Therefore, for the range of the

applied voltages, a substantial contact angle decrease could

be achieved at the WL in the channel.

2.4 Flow rate analysis based on wetting-line energy

and velocity effects

Equations (2) and (3) were implemented to develop an

algorithm for flow rate analysis based on the WLE and

WLV effects (Model 1 WLE and WLV). The continuity

equation implies that the rate of the shrinkage of the input

droplet is equal to the liquid flow rate in the channel. The

initial hD for the input droplet was assumed to be equal to

the relaxed advancing contact angle at zero voltage, which

is 86� (Fig. 3b).

In phase I of the micropump, hD changes from 86� to

80� with a constant droplet wetted area due to the pinning.

In phase II, in which droplet’s WL is receding, data from

Fig. 4b are used to estimate hD for the receding WL of the

droplet. Data in Fig. 4c are used to find hCh, in phases I and

II for the advancing WL in the channel. The liquid contact

angle on the bottom of the channel, hEW, was obtained by

the flow rate analysis.

Since on the one hand hCh is a function of UCh (Fig. 4c)

and on the other hand UCh is a function of hCh [Eqs. (2) and

(3)], an implicit approach was used here to calculate hCh

based on the self-consistency of the results. In each time step

a guess value for hCh was chosen, and then UCh was calcu-

lated from Eqs. (2) and (3). However, it should be noted that

the assumed hCh and the value obtained for UCh should be in

agreement with the data shown in Fig. 4c. Therefore, the

initial value for hCh was modified until the calculated UCh

shows a good agreement with the experimental data.

Figure 7 shows an excellent agreement between the

measurement and numerical values obtained by model 1

(WLE and WLV), using hEW of 82� for an initial droplet

size, 2aD, of 1.06 mm. Figure 7a shows the experimental

and calculated values for the radius of droplet wetted area,

Fig. 7 Model 1 WLE and WLV numerical values for a droplet’s hD,

aD, and RD versus time. Measurement data for hD and aD are plotted
b PD and PM versus time c meniscus position versus time. Circles are

the data and solid line is the best fit to the data. Dashed line and dot-
dashed line show the effect of a small change in hEW (±1�) on the

convergence of the fit
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aD, and droplet contact angle, hD, and also calculated

values for droplet radius of curvature, RD, versus time. The

transition from phase I to phase II is marked with vertical

dashed line at 4.8 s. In Fig. 7b, PD and PM are shown as the

droplet is driven into the channel. The droplet pressure

decreases in phase I from 271 Pa to a minimum of

267.3 Pa and increases again in phase II. However, the

driving pressure which is the difference between PD and

PM increases monotonically to overcome the increasing

viscous loss. In Fig. 7c the estimated liquid meniscus

position versus time is compared to the measurement data.

The calculated data exhibit the linear behavior as the

experimental data.

In phase I of micropump operation, hD is reduced

(Fig. 7a), resulting in an increase in RD and subsequently a

decrease in the droplet pressure (Fig. 7b). However, phase

II is more complex since both aD and hD are changing

(Fig. 7a). Therefore, the change in PD and PM is non-

monotonic in phase II. Interestingly, the meniscus pressure

seems to follow the droplet pressure, and therefore, the

driving pressure of the pump (the difference between PD

and PM) remains small over time (Fig. 7b).

This phenomenon is the underlying reason for the con-

stant flow reported for this micropump. Since the size of

the meniscus in the microscale channel is much smaller

than the droplet’s free surface, small changes in hCh

(±0.1�) could change PM sufficiently to compensate for the

change in PD (Fig. 7b). Therefore, the variation in micro-

pump’s pressure induced by the shrinking input droplet

would result in small variation in meniscus contact angle.

Since hCh and UCh are linked through WLV effect, such

small changes in hCh also imply negligible changes in the

liquid velocity in the channel which explains why the

liquid velocity and therefore the flow rate remain nearly

constant. The dynamic contact angle of the meniscus in the

channel is the dominant factor determining the flow rate

according to this analysis.

2.4.1 Droplet size effect on flow rate

The meniscus velocity in the channel is higher for smaller

sizes of the droplet (Shabani and Cho 2011). The numerical

values obtained by model 1 WLE and WLV are in good

agreement with the experimental data for the meniscus

position in the micropump’s channel for different sizes of

the droplet (Fig. 8). The analytical fits to the data follow a

similar linear behavior as the experimental data.

2.4.2 EWOD voltage effect on flow rate

Micrographs of a droplet with advancing and receding

WLs show the EWOD voltage effect on the WL pinning

and the contact angle hysteresis (Fig. 9a). DI water was

injected (drawn) through a needle, at a very low flow rate

to form a droplet with advancing (receding) WL. A high-

gauge needle (30G) was used to minimize the distortion in

Fig. 8 Model 1 WLE and WLV predicting the meniscus position

versus time for different diameters of the droplet wetted area, 2aD.

Markers are measurement data and solid lines are the best fits to the

data

Fig. 9 WLE effect competing with EWOD. a Droplet advancing and

receding contact angles decrease by increasing the voltage from 0 to

120 V. Also, the difference between advancing and receding contact

angles decreases at higher voltages. b Advancing and receding

contact angles at different voltages (EW numbers)
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the droplet shape. The needle was also used to apply a DC

voltage to the droplet (Fig. 2b). To avoid the WLV effect,

ample time was given to the droplet for relaxation.

The advancing (receding) hD was measured for dif-

ferent DC voltages between 0 and 120 V (Fig. 9b). For

voltages less than 40 V the advancing contact angle is not

affected by EWOD (hA * 86�), while above that, the

contact angle is decreased. However, for voltages above

90 V, the contact angle reaches its lowest value and sat-

urates at hA * 56� (Brassard et al. 2008). A very similar

pattern was observed for the receding contact angle, only

with a larger onset voltage for EWOD to affect the

contact angle (70 V). Such transition region between the

highest and lowest contact angles by increasing the

applied voltage has been also reported previously

(Berthier et al. 2007). Interestingly, the WL pinning effect

(the difference between the advancing and receding con-

tact angles, hA–hR) is noticeable at voltages below 40 V

(region I in Fig. 9b), while at voltages above 70 V there

is no significant pinning effect (region III in Fig. 9b).

There is also a transition region in which the pinning

effect decreases gradually since only hA is affected by

EWOD (region II in Fig. 9b).

It has been reported that for a DC voltage, the hysteresis

is essentially voltage independent (Li and Mugele 2008)

while in this study a decrease in the pinning effect was

observed for voltages above 40 V (region II and III in

Fig. 9b). This is due to the fact that there are several major

differences between the experimental setups used in these

two studies, such as the working liquid, insulating material

and its thickness, and also different range of EW numbers

(Fig. 9b).

In a second set of experiments, the low pinning regime

(region III in Fig. 9b) was more closely studied by

changing the micropump working voltage from 60 to

100 V. The EWOD-based micropump depicted in Fig. 1

was used as the test setup. An input droplet with an initial

size of 1 mm was used for the measurements at different

voltages. By applying the voltage, the droplet was driven

into the channel. The liquid meniscus position in the

channel was measured versus time for each voltage

(Fig. 10a, b).

Interestingly, the flow rate at low voltages

(60 V \ V\100 V) is completely nonlinear (Fig. 10b), and

it changes drastically at different meniscus positions inside

the channel. This behavior is due to surface defects

(located randomly inside the channel) which increase the

contact angle and therefore reduce the flow rate. The

influence of such defects seems to be lessened for higher

voltages (e.g., at 100 V), and hence, such voltages are

needed as the working voltage of the micropump, if a

constant flow rate is desired.

Since the location of surface defects cannot be mea-

sured inside the channel, any attempt to model such a

complex system could only aim to obtain the effective

average flow rates but not the local values. Figure 10b

shows the experimental and calculated meniscus posi-

tions versus time at different voltages. A better agree-

ment is obtained between the calculated and the

measured data when the EWOD voltage is high enough

to suppress the effect of local surface defects on

dynamic contact angle. The calculated hEW for different

voltages (Fig. 10c) is higher than the relaxed advancing

contact angle at a similar voltage (Fig. 9b). This is in

agreement with the concept of dynamic contact angle

which shows larger values for larger advancing meniscus

velocities.

Fig. 10 EWOD voltage effect on flow rate. a Top-view pictures of

the micropump’s channel taken in every second show the advancing

meniscus at 100 V. b Model 1 WLE and WLV predicting meniscus

position versus time for different voltages. Markers are measured data

and solid lines are best fits to data. c Numerical values for hEW versus

EWOD voltage
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2.5 Comparison with wetting-line energy model

and Young contact angle model

In order to highlight the importance of considering the WLE

and WLV effects on the moving WL, two further models

(models 2 and 3) were developed and compared to the com-

prehensive model 1 shown in the previous section. Model 2 is

based on the WLE effect (Tadmor 2004) and does not include

the WLV effect on contact angle (model 2: Young–Tadmor).

In model 3, neither the pinning effect nor the WLV effect was

considered and the contact angle was assumed to be equal to

the equilibrium Young contact angle (model 3: Young). The

assumptions and the contact angle values for each model are

reported in Table 1 for comparison.

The numerical values for the liquid meniscus position in

the channel for an initial diameter of the droplet wetted

area, 2aD, of 1.06 mm are plotted for model 1 (Fig. 7c) and

for models 2 and 3 (Fig. 11a, b, respectively). The values

obtained for the hEW, for models 1–3, are tabulated in

Table 1. In model 3 based on equilibrium Young contact

angle (Fig. 11b), a large gap exists between the measured

and the predicted flow rate (Walker et al. 2009; Walker and

Shapiro 2006). Model 2 provides a better fit to measured

data (Fig. 11a) as compared to the model 3 by taking into

account the pinning effect. The predicted flow is signifi-

cantly improved by including the WLV effect in model 1

(Fig. 7c). The sensitivity of the calculations to hEW is also

investigated. In model 1, if hEW is changed by 1�, the

estimated flow in the channel will slightly vary, while

maintaining its linear behavior (Fig. 7c), unlike models 2

and 3 which are very sensitive to small changes in hEW

(Fig. 11b, c). This also shows the accuracy of the estimated

hEW by model 1. It is expected that the contact angle is

reduced at the bottom of the channel due to EWOD

(Lippmann 1875). The value obtained for hEW (82�) is

reasonable since it should be smaller than hCh with a value

of 104�, due to EWOD.

Although the comprehensive model 1 utilizes several

nonlinear experimental equations, its estimation of flow

rate provides an excellent agreement with the observed

constant flow rate. Such comparison shows the importance

of taking both the WLE and the WLV effects into account

for an accurate and realistic flow rate analysis.

3 Conclusions

A systematic approach was utilized to show the importance

of taking account of the dynamic contact angle and explain

the behavior of microfluidic devices that involve a moving

WL. The microfluidic device used in this study is an

EWOD micropump which exhibits dynamic contact angles

both in the source droplet and in the meniscus inside the

microchannel. The WL-related phenomena were compre-

hensively studied, since the device performance was

strongly affected by contact angle hysteresis, WLV effect,

and EWOD.

Some of the major experimental findings were as fol-

lows: (1) a mode switch in micropump operation origi-

nates from the contact angle hysteresis; (2) the dynamic

contact angle based on the magnitude and direction of

WLV in a microscale channel is responsible for constant

flow rate; (3) EWOD reduces the contact angle for voltages

Table 1 Experimental assumptions and dynamic contact angles used in models 1–3

Assumptions hD (phase I) hD (phase II) hCh hEW

Model 1 Comprehensive (WLE and WLV) 86� ? 80� (aD CONST) Data in Fig. 4b Data in Fig. 4c 82�
Model 2 Young–Tadmor (only WLE) 86� ? 80� (aD CONST) 80� 100� 88�
Model 3 Young’s equation (Young contact angle) 86� 86� 86� 109�

Fig. 11 Meniscus position versus time for a model 2 (Young–

Tadmor) and b model 3(Young). Circles are measurement data and

solid lines are the best fits to the data. Dashed lines and dot-dashed
lines show the effect of a small change in hEW on the convergence of

the fit
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larger than an onset voltage and its effect saturates at

higher voltages, and (4) EWOD could reduce the pinning

effect using DC voltages.

A flow rate analysis of the EWOD micropump, based on

the continuity and energy equations by implementing the

aforementioned experimental observations, was conducted.

The predicted flow rate was in excellent agreement with the

measured constant flow rate of the micropump.

The lower pinning effect at higher working voltages

leads to a relatively higher and constant flow measured in

the channel. The effect of EWOD voltage on the flow rate

was modeled, and the numerical values obtained by com-

prehensive model, based on WLE and WLV effects, for

the dynamic hEW were verified against the relaxed

advancing contact angles at a similar voltage.

Simpler models, based on Young’s equation (equilib-

rium Young contact angle) and Young–Tadmor equation

(incorporating the pinning effect on contact angle) were

developed for comparison. They show disagreement

between the numerical and measured flow rates, and pre-

dict an unphysical behavior for the system. Such examples

demonstrate the importance of inclusion of the aforemen-

tioned wetting-line energy and wetting-line velocity effects

to accurately model the flow rate, in particular for the

micropump investigated in our study, and in general for

any devices utilizing the Laplace pressure gradient.
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