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Abstract Water droplet dispensing in microfluidic paral-
lel-plate electrowetting-on-dielectric (EWOD) devices with
various reservoir designs has been numerically studied. The
Navier—Stokes equations are solved using a finite-volume
formulation with a two-step projection method on a fixed
grid. The free surface of the liquid is tracked by a coupled
level set and volume-of-fluid method with the surface ten-
sion force determined by the continuum surface force
model. Contact angle hysteresis which is an indispensible
element in EWOD modeling has been implemented. A sim-
plified model is adopted for the viscous stresses exerted
by the parallel plates at the solid-liquid interface. Good
agreement has been achieved between the numerical results
and the corresponding experimental data. The dispensing
mechanism has been carefully examined, and droplet vol-
ume inconsistency for each design has been investigated.
It has been discovered that the pressure distribution on the
cutting electrode at the beginning of the cutting stage is of
considerable significance for the inconsistency of droplet
volumes. Several key elements which directly affect the
pressure distribution and volume inconsistency have been
identified.
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1 Introduction

Microfluidic droplet operations with high volume precision
is of paramount importance for many scientific applications
such as chemical synthesis, compound separation, drug
discovery, and quantitative analysis of biomedical assays
(Dittrich and Manz 2006; Rose 1999). The volume preci-
sion of a series of micro droplets can be evaluated by drop-
let volume inconsistency, which is also referred to as drop-
let volume reproducibility in some literature (Berthier et al.
2006; Ren et al. 2004; Rose 1999) and defined as the ratio
of the standard deviation of a series of droplet volumes to
their mean value. It was reported that the inconsistency is
preferably between 5 % and needs to be controlled to
within +2 % or even less for some particular biomedical
requirements (Rose 1999).

Over the last decade, a great deal of effort has been
devoted to the studies of microfluidic droplet operations in
which several effective techniques including electrostatic
force (Washizu 1998), thermocapillary effect (Sammarco
and Burns 1999), electrochemical gradient (Bohm et al.
2000), dielectrophoresis (Jones et al. 2001), and magnetic
fields (Nguyen et al. 2006) have been utilized as the driv-
ing mechanism for droplet motions. Due to recent rapid
development of microelectromechanical systems (MEMS)
and lab-on-a-chip (LOC) devices, considerable effort has
also been put into electrowetting-based digital microflu-
idic manipulations, which facilitates the investigations of
discrete droplet operations within parallel-plate electrowet-
ting-on-dielectric (EWOD) devices (Cho et al. 2003; Fair
2007; Guan and Tong 2015a, b; Pollack et al. 2002; Walker
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et al. 2009; Wheeler et al. 2004). As one of the fundamental
microfluidic droplet operations, the investigation of drop-
let dispensing, which refers to the process of aliquoting a
larger volume of liquid into smaller unit droplets for further
actions, has been carried out for years due to the increasing
demand for excellent droplet volume consistency in various
digital microfluidic research works (Berthier et al. 2006;
Cho et al. 2003; Fair 2007; Fouillet et al. 2008; Gong and
Kim 2008; Jang et al. 2007; Pollack et al. 2002; Ren et al.
2004; Wang et al. 2011; Yaddessalage 2013).

Pollack et al. (2002) were among the early research-
ers who conducted experiments on micro droplet dispens-
ing in parallel-plate electrowetting-based LOC systems.
It was shown that droplets of similar sizes were generated
from a large sample drop in the reservoir. Similar dispensing
experiment was later performed by Cho et al. (2003) with
deionized (DI) water as the working liquid. Droplets were
successfully dispensed from a liquid reservoir in a parallel-
plate EWOD device which consists of two small electrodes
alongside the main dispensing path. It was found that with-
out these two side electrodes, the pinch-off location would
not be fixed and the droplet sizes would consequently not
be consistent. An experimental method combining elec-
trowetting actuation and built-in capacitance feedback was
developed by Ren et al. (2004) for droplet dispensing from a
self-contained LOC device using KCl solution as the work-
ing liquid. Smaller volume inconsistency was obtained com-
pared with devices without capacitance feedback. The incon-
sistency was found to increase with droplet viscosity and
production rate. Berthier et al. (2006) numerically modeled
droplet dispensing process based on the surface energy mini-
mization approach. It was demonstrated that decent volume
inconsistency could be achieved when the cutting and gen-
erating electrodes were of the same size. Fair (2007) sum-
marized recent development of electrowetting-based digital
microfluidics and LOC applications. The dispensing mecha-
nism was also examined by investigating the pressure differ-
ences across the liquid boundary at critical dispensing stages.
It was reported that fewer cutting electrodes were needed for
successful dispensing when the device had a smaller channel
height and a larger generating electrode. A real-time feed-
back control EWOD system was developed by Gong and
Kim (2008) for on-chip droplet dispensing experiments, in
which droplet consistency was notably improved compared
with devices with external pump or open-loop control sys-
tem. Wang et al. (2011) studied water droplet dispensing
from an EWOD-based microfluidic device. It was illus-
trated that the length of the neck in the cutting stage played
a significant role in the volume of generated droplet. Bet-
ter volume consistency could be acquired when the cutting
electrode was of a smaller size. Yaddessalage (2013) carried
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out experimental studies on micro droplet dispensing from
parallel-plate EWOD devices with three different reservoir
designs. It was reported that better volume consistency could
be achieved by shortening the length of the neck in the cut-
ting stage. Samiei and Hoorfar (2015) recently conducted an
experimental study of micro droplet dispensing from a par-
allel-plate EWOD device in which the generating electrodes
were divided into several sub-electrodes with various shapes.
The effect of channel height, applied voltage, and generating
electrode shape on droplet volume was investigated. It was
discovered that the applied voltage needed to be set close
to the minimum voltage required for dispensing in order to
achieve optimum volume accuracy.

Even though micro droplet dispensing based on the
electrowetting effect has been studied for years, the key
elements affecting volume inconsistency are still not com-
pletely understood. Due to the complex two-phase flow pat-
terns associated with the dispensing process which occurs
at the microscale, it is often challenging to perform experi-
mental study to capture clear droplet motion images at
crucial time instants. Other issues including arduous work
of EWOD system fabrication and droplet volume meas-
urement are also impediments to exploring the dispensing
mechanism. Numerical methods, on the other hand, can
provide vital information such as the pressure and velocity
profiles within the liquid, which may serve as an excellent
alternative for systematically analyzing the dispensing pro-
cess. Besides, clear droplet image and reliable volume data
can be directly extracted from numerical results, which are
not readily available in experiments.

The objective of the present study is to numerically investi-
gate the physics involved in micro droplet dispensing process
within parallel-plate EWOD devices with different reservoir
designs as well as the key factors affecting volume inconsist-
ency of generated droplets. A brief review of the parallel-plate
EWOD model is given next followed by a description of the
numerical formulation and results and discussion in which
the details of the reservoir designs are discussed.

2 EWOD in a parallel-plate device

The schematics of the top and cross-sectional views of a
parallel-plate EWOD device are shown in Fig. 1. Note
that the figure is not to scale with a much narrower chan-
nel height in the actual device. It consists of two parallel
plates with the droplet sandwiched in-between. The top
electrode is one whole piece which remains grounded at
all time, while the two disjointed square-shaped electrodes
at the bottom can be switched ‘ON’ and ‘OFF’ indepen-
dently as needed. There are two hydrophobic Teflon layers
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one each on the top and bottom plates which separate the
droplet from the electrodes. The dielectric layer on the bot-
tom plate is an insulating film which sustains the high elec-
tric field at the interface and allows a larger contact angle
change upon the application of electrical voltage compared
with the conventional electrowetting device without this
layer (Moon et al. 2002).

When a droplet is placed on a plane surface, the con-
tact angle 6 at the three-phase contact line can be modified
by applying electrical potential at the droplet boundary
according to the Young—Lippmann’s equation as

£0&
cosB(V) = cosby +

2

2o16d v @)
where 6 is the contact angle at the triple contact line with
nonzero electrical potential, 6, the equilibrium contact
angle with zero potential, ¢, the permittivity of vacuum,
¢ the dielectric constant of dielectric layer, o1 g the surface
tension at the liquid—gas interface, d the thickness of die-
lectric layer, and V the magnitude of applied voltage. The
Young-Lippmann equation is reasonably accurate in pre-
dicting the contact angle at low voltage. However, it has
been discovered that the equation fails after the voltage
reaches a certain threshold beyond which the contact angle
0 only displays slight variation. This effect is referred to as
contact angle saturation and has been addressed in the lit-
erature (Cho et al. 2003; Mugele and Baret 2005).

Since the contact angle at the triple contact line can
be modified by applying electrical potential at the drop-
let boundary, this will alter droplet surface curvature and
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Fig.1 Top (a) and cross-sectional (b) views of the parallel-plate
EWOD device

consequently surface tension-induced pressure at the lig-
uid—gas interface according to the Young—Laplace equation
(Batchelor 2000):

Ap = oLG(kxy + K7) )

where Ap is the surface tension-induced pressure at the
liquid—gas interface, «,, and «_ the mean curvatures in the
x—y plane and along the z-direction, respectively. Since
the channel height is very small compared with the device
dimension and the capillary number is much smaller than
unity for the current study, the liquid—gas interface in the

z-direction can be approximated as circular which yields

(—cos 6y — cosby)
K, = 7

3

where 6, and 6, are the contact angles at the top and bottom
plates, respectively, and H the channel height between two
parallel plates. See Fig. 1. Note that 6, is always constant
since the top electrode is grounded, but 6, varies according
to Eq. (1). Combination of Egs. (2) and (3) gives the pres-
sure difference at the droplet boundary across the ‘ON’ and
‘OFF’ regions as,

€08 Bp, 0N — €OS b OFF
H

POFF — PON = ULG( ~+ Kxy,OFF — ny,ON) “4)

As shown in Fig. 2, when electrical charges are applied,
the surface tension at the interface is reduced due to the
decreased contact angle 6, on. This reduced surface tension
on the electrowetted side leads to an imbalanced pressure
force which moves the droplet from the ‘OFF’ to the ‘ON’
side. This mechanism is another plausible explanation of
microfluidic droplet motion induced by the electrowetting
effect apart from the well-known theory that the electro-
static force serves as the driving force for droplet move-
ment (Pollack et al. 2002; Mugele and Baret 2005).

An essential element in EWOD modeling is contact
angle hysteresis, which refers to the difference in contact
angles between the advancing and receding ends when the
droplet is in motion (Mugele and Baret 2005; Walker and
Shapiro 2006; Walker et al. 2009). When the droplet is sta-
tionary on a flat plate, a unique contact angle, referred to as

Ground (0V)

OFF ON

Fig. 2 Pressure difference induced by electrical actuation
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the static contact angle, is formed at the triple contact line.
As the droplet moves, the contact angle on the advancing
side increases while that on the receding side decreases and
are referred to as advancing and receding contact angles,
respectively. It should be noted that the hysteresis phenom-
enon has a retarding effect on fluid motion (Walker and
Shapiro 2006).

3 Numerical formulations

3.1 Governing equations

For incompressible flows with constant properties, the con-
tinuity and momentum equations are given by

V-u=0 (5)
i 1 1 Fy

u N o o

V@ -Vi=——VP+-V.-1+5+ 2 6)
ot P o P

where # is the velocity, p the density, P the pressure, T the
viscous stress tensor, g the gravitational acceleration, and
Fy, the body force. It should be noted that a free surface
flow model is adopted in this study in which the dynamic
effect of the air is neglected. For Newtonian fluids, the vis-
cous stress tensor T can be written as:

T=2uS S= %[(vﬁ) + (Vﬁ)T} %)

where S is the rate-of-strain tensor. Equation (6) is approxi-
mated in the finite-difference form as:

=n+l _ =n
u:—ﬁ"AVﬁ”—LVP'H“l+LV-T"+§”+L}7;"
5t o o o

®)

A two-step projection algorithm is used where Eq. (8) is
decomposed into the following two equations:

W — " . . 1 . 1 -
= :—u”-Vu"—i-ﬁV-T"-l'gn*‘ﬁan &)
and
l—in+1 —u* 1
wooTu __ yprtl (10)
5t P

where u* represents an intermediate velocity. In the first
step, #* is computed from Eq. (9) which accounts for incre-
mental changes resulting from viscosity, advection, gravity,
and body forces. The second step involves taking the diver-
gence of Eq. (10) while projecting the velocity field, &,
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to a zero-divergence vector field for mass conservation. This
results in a single Poisson equation for the pressure field
given by
1 V.-u*
V. |—vpHl| = —— e))
p" &t

which is used to obtain #"! from Eq. (10).
3.2 Interface tracking methods

The main complexity of the numerical simulation is the
dynamics of a rapidly moving free surface, the location
of which is unknown and is needed as part of the solu-
tion. As the flow is surface tension driven, modeling of
the surface tension force with a high degree of accuracy
is critical. In recent years, a number of methods have
been developed for modeling free surface flows (Hirt and
Nichols 1981; Rudman 1998; Sussman et al. 1994; Scar-
dovelli and Zaleski 1999), among which the volume-of-
fluid (VOF) method and the level set (LS) method are two
Eulerian-based methods that have been widely used. One
of the advantages offered by these methods is the ease
in which flow problems with large topological changes
and interface deformations can be handled. These include
droplet elongation and breakup, bubble merging and
bursting, and microfluidic droplet operations. The VOF
method has the desirable property of mass conservation.
However, it lacks accuracy on the normal and curvature
calculations due to the discontinuous spatial derivatives
of the VOF function near the interface. This may lead to
convergence problems (Meier et al. 2002; Renardy and
Renardy 2002; Scardovelli and Zaleski 1999; Tong and
Wang 2007) especially in the surface tension force-dom-
inant problems. As for the LS method, the normal and
curvature can be calculated accurately from the continu-
ous and smooth distance functions. However, one serious
drawback of this method is the frequent violation of the
mass conservation. To overcome such weaknesses of the
LS and VOF methods, a coupled level set and volume-
of-fluid (CLSVOF) method has recently been reported
(Son and Hur 2002; Sussman 2003; Sussman and Puck-
ett 2000; Yang et al. 2006). The coupled method offers
improved accuracy on the surface curvature and normal
calculations while maintaining mass conservation. A
CLSVOF method is used in the present study with the
interface reconstructed via a piecewise linear interface
construction (PLIC) scheme on the VOF function (Rud-
man 1997) and the interface normal computed from the
LS function. A brief overview of the CLSVOF scheme is
given here.

The LS function, ¢, is defined as a distance function
given by
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>0  outside of the interface
pE,H=<0 at the interface (12)
<0 inside of the interface

i.e., negative in the liquid, positive in the air, and zero at
the interface. The VOF function, F, is defined as the liquid
volume fraction in a cell with its value in between zero and
one in a surface cell, and zero and one in air and liquid,
respectively, i.e.,

1 in the fluid
F(x,t)=4{ 0<F <1 attheinterface (13)
0 external to fluid

The VOF and LS functions are advanced by the following
equations, respectively:

—DF——BF u-VYF=0 14
Dr g T@VE= (14
D¢ 3¢ - _

It should be noted that since the VOF function is not
smoothly distributed at the free surface, an interface recon-
struction procedure is required to evaluate the VOF flux
across a surface cell. In this study, the interface is recon-
structed via a PLIC scheme (Rudman 1997) and the interface
unit normal is calculated from the LS function given by

Vo _
Vel

The LS function would fail to be a distance function after
being advanced by Eq. (15), and a reinitialization (Sussman
et al. 1994) process is needed for its return to a distance
function. This can be achieved by obtaining a steady-state
solution of the following reinitialization equation:

06 _ b0
0T e+

where ¢, is the LS function at the previous time step, 7 the
artificial time, and % the grid spacing. Finally, in order to
achieve mass conservation, the LS functions have to be
redistanced (Son and Hur 2002) prior to being used. The
curvature, computed directly from the LS function, is given
by

Vo
—v.[ Y
“ (|V¢|> (18)

A flow chart for the CLSVOF algorithm is shown in Fig. 3.
Details of the numerical formulation can be found in here
(Tong and Wang 2007; Wang and Tong 2010).

n=

Vo (16)

[Advet 13 [Advetvor |

k9 4
@D @D

Fig. 3 Flowchart of the CLSVOF scheme: coupling process in the
dashed box

Table 1 Parameters used in the current study

Parameter Conventional Stripped TC Units

P 996.93 kg/m?

% 0.89 g/(ms)

o 0.07199 N/m

H 0.1 mm

Uy 10 mm/s

Ap 3.1 4.0 3.8 Degree

AR 3.1 4.0 3.8 Degree

8s,0FF 117 Degree

050N 90 Degree

Ca 1.236 x 1074 Dimensionless
Re 1.120 Dimensionless
We 1.385 x 107* Dimensionless
Oh 0.011 Dimensionless

3.3 Surface tension modeling scheme
The continuum surface force (CSF) method (Brackbill

et al. 1992) is used to model the surface tension in which
the surface tension force is treated as a body force given by

Fyy = 08 (x)ii (19)
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where o is the surface tension coefficient, 5(x) a delta func- is distributed within a transition region near the free surface
tion concentrated on the interface, « the mean curvature and_1:1 across which the fluid properties are assumed to change con-
the unit vector normal to the free surface. The body force F,  tinuously from one grid to another. The discontinuous jump

Reservoir

B
[ ] o ()

[ .

Generating
Electrode

Cutting
Electrode

Discharging
Electrodes

(@) (b)

(d) (e)

Fig. 4 ‘Conventional reservoir’ design: the schematic (a); four steps of the dispensing process: filling stage (b); cutting stage (c); relocating
stage (d, e)

Reservoir

Generating
Electrode

EI OFF (=)

Cutting
Electrode

Discharging
Electrodes

(b) ()

(d) (e) (f)

Fig. 5 ‘Stripped reservoir’ design: the schematic (a); five steps of the dispensing process: filling stage (b, ¢); cutting stage (d); relocating stage (e, f)
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of fluid properties across the free surface is thus eliminated.
By incorporating Egs. (2) and (3), Eq. (19) becomes:

(20)

— —cosb; — cosby \
Fp=08(x)|kxy + ———— |1

H

3.4 Viscous stress exerted by the parallel plates

Considering the fact that the channel height between the
parallel plates is very narrow compared with the dimen-
sions of the device in the x—y plane, the electrowetting-
induced pressure is expected to be uniform in the z-direc-
tion and the velocity component in the z-direction is
negligible (Kirby 2010). The microfluidic flow can be
approximated as a plane flow in the x—y plane, and the Cou-
ette flow model can be used for analyzing the variation of
velocities # and v in the z-direction if the flow were fully
developed. However, since the dispensing process involves
time-varying movement of the fluid and the flow is by no
means steady, the viscous stress from the Couette flow
model are modified with the incorporation of a multiplica-
tion factor A, which are given by

vs?

T :ivs*u*l 21
£ H (2D

[ G
[] oFf ()

Reservoir

Generating
Electrode

Ty = oy LK — 22)
H

where p is the dynamic viscosity, # and v the average
velocities in the x- and y-direction, respectively.

3.5 Contact angle hysteresis

As mentioned earlier, contact angle hysteresis has an
overall effect of reducing the droplet speed and its phys-
ics is still not completely understood. The fact that
dynamic contact angles are not only influenced by the
plate material (Gupta et al. 2011), but also by other fac-
tors such as temperature, ambient pressure, plate surface
smoothness, and droplet speed and physical properties
makes prediction of dynamic contact angles very chal-
lenging. In the current study, the following scheme is
used to determine whether the interface is advancing or
receding at each time step before the dynamic contact
angles are applied,

o o <0 Receding interface

w-n ={ >0 Advancing interface (23)

Once the direction is determined, the dynamic contact
angles are computed by the following equations as:

*

Cutting

Electrode

Discharging
Electrode

(d) ‘—

(b) | S

. |
(e) (f \—

(c) |—

Fig. 6 ‘TC reservoir’ design: the schematic (a); five steps of the dispensing process: filling stage (b—d); cutting stage (e); relocating stage (f)
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topreceding angle 6;r = 6; — AR (24)
bottomreceding angle 6y,r = 6, — AR (25)
top advancing angle 6o = 6; + Ap (26)

bottom advancing angle 6, A = 6y + Aa 27)

where AR and A, are the deflections of the receding and
advancing contact angles from the static contact angle,
respectively. By replacing 6, and 6, in Eq. (20) with the
above dynamic contact angles, the hysteresis effect is prop-
erly implemented into the current numerical model (Walker
and Shapiro 2006). Due to lack of information on contact
angle hysteresis in the experiment, AR and A are assumed
to have the same value. It has been found from the present
numerical study that hysteresis has slight effects on both
the time scale of dispensing process and the volume of gen-
erated droplet. The optimum values which best match the
experiments are reported in Table 1.

4 Results and discussion
4.1 Numerical simulations

Numerical simulations of micro droplet dispensing in
parallel-plate EWOD devices with three different reser-
voir designs, namely ‘conventional reservoir’ (Fig. 4),
‘stripped reservoir’ (Fig. 5), and ‘TC reservoir’ (Fig. 6)
designs have been performed alongside an experimental

1

10+

Reservoir electrode « .

Generating electrode /

&
I

Discharging
3L electrodes

-
—
b

9.—
i Cutting electrode

study (Yaddessalage 2013). The EWOD devices for the
experiments were fabricated in the Cleanroom Research
Laboratory at the University of Texas at Arlington. The
applied voltage is 150 V AC for all three designs and the
generation frequencies are set as 4.425 Hz, 4.386 Hz,
and 2.762 Hz for the conventional, stripped, and TC res-
ervoirs, respectively. More details of the experiments
can be obtained from elsewhere (Wijethunga et al. 2011;
Yaddessalage 2013) and will be provided in a forthcom-
ing paper focusing on the experimental work. For each
design, fifty droplets are consecutively dispensed from
the reservoir. The ‘conventional reservoir’ design has been
used in many microfluidic droplet dispensing experiments
in which the reservoir site consists of one single elec-
trode of rectangular or square shape (Berthier et al. 2006;
Gong and Kim 2008; Jang et al. 2007; Wang et al. 2011).
The electrical voltage is applied throughout the reser-
voir whenever the reservoir electrode is activated. Two
electrodes with square shape and much smaller sizes are
located on one side of the reservoir, which serve as drop-
let generating and cutting sites. Each of these three elec-
trodes can be switched ‘ON’ and ‘OFF’ independently.
The ‘stripped reservoir’ design is similar to the ‘conven-
tional reservoir’ design except that the reservoir electrode
is divided into ten strips of equal size. Each of these ten
strips can be switched ‘ON’ and ‘OFF’ independently as
needed. The “TC reservoir’ design consists of a T-shape
electrode as the cutting site and several C-shape elec-
trodes as the reservoir. Note that the number of C-shape
electrodes is determined by the initial volume of reser-
voir drop. Each electrode can also be switched ‘ON’ and

Fig. 7 Computational domain for the ‘conventional reservoir’ design
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No snapshot for the
initial condition

Fig. 8 Dispensing process for the ‘conventional reservoir’ design: numerical (fop present study): filling stage (a—b); cutting stage (c—d); experi-
mental (middle and bottom)

Fig. 9 Pressure and velocity T T T T T
fields at the beginning of the
filling stage of the first droplet " Localized area +
for the ‘conventional reservoir’

design (Note that the velocity with large

fields for the two magnified pressure gradient

areas are not plotted in the same and flow speed '\

scale. The flow has a much ! )

larger speed near the cutting
electrode as indicated by the
pressure fields.)

Pressure jump
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‘OFF’ independently to move the droplet toward the cut-
ting and generating sites step by step and complete the
dispensing process. For the ‘TC reservoir’ design, a much
shorter cutting length can be achieved with a much nar-
rower range of pinch-off locations.

Deionized (DI) water is used as the working liquid for
the current study with relevant data given in Table 1. The
channel height between the two parallel plates is 0.1 mm
and the size of the generating electrode is 2 x 2 mm? for
all three designs. Note that a typical dispensing process
consists of three essential stages: (1) filling stage: lig-
uid in the reservoir flows into the generating and cutting
electrodes until the two electrodes are filled up; (2) cut-
ting stage: the gas—liquid interface shrinks toward the
center of the cutting electrode until the neck pinches off
with a small droplet created on the generating electrode.
(3) Relocating stage: the droplet produced on the gener-
ating electrode is relocated by the EWOD device for fur-
ther actions. Note that the cutting and relocating stages
can also be regarded as droplet splitting and transport
processes, respectively. Since it is rather difficult to
ascertain that the filling stage has reached the steady

state by simply observing the motion of liquid interface,
the duration for the filling stage is set to 1000 ms in the
numerical simulations in order to minimize the interfer-
ence on the dispensing process due to insufficient filling
time.

The computational domain used for the dispensing
process in the ‘conventional reservoir’ design is shown
in Fig. 7. In order to conserve computational resources,
symmetry is assumed and only half of the drop is modeled
with computations performed on a domain of dimensions
30 x 12 mm? Uniform square mesh with grid spacing of
0.2 mm is used based on the results of a grid convergence
study which is reported in the ‘Appendix.” Similar compu-
tational domains are used for the ‘stripped reservoir’ and
“TC reservoir’ designs as well. Free-slip boundary condi-
tions are implemented at all sides of the domain except
for the left side where a continuative outflow boundary
condition is used for droplet relocation. It should be noted
that since the liquid is, by design, not expected to reach
the top and right sides of the computational domain, the
nature of the boundary condition is of no consequence.
The bottom side is a symmetric axis where the free-slip

R . . - |- |-
kb ,

=kt bt - - -

T -
I4_'-;++++++++++ (=% + 4+ + +++ +

(a) (b)

(c) (d)

No snapshot for the
initial condition

Fig. 10 Dispensing process for the ‘stripped reservoir’ design: numerical (fop present study): filling stage (a, b); cutting stage (c, d); experimen-

tal (middle and bottom)
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Fig. 11 Dispensing process for the ‘TC reservoir’ design: numerical (fop present study): filling stage (a); cutting stage (b—d); experimental

(middle and bottom)

boundary condition is also applied. The time step for the
numerical computations is automatically adjusted during
the course of calculations, which is taken as the mini-
mum of the time step constraints for numerical stability of
capillarity, viscosity and the courant condition (Brackbill
et al. 1992; Harlow and Amsden 1971; Kothe et al. 1991).
Due to lack of static contact angle values in the experi-
mental results, 117° and 90° are used for 6 orr and 6y oN,
respectively, following a previous numerical electrowet-
ting-based micro droplet splitting study (Guan and Tong
2015a).

For the dispensing process in the ‘conventional res-
ervoir’ design, a large drop of irregular shape is initially
placed in the reservoir with the liquid boundary margin-
ally touching the cutting electrode in the experiment
(Fig. 4a). Droplets are then dispensed consecutively
from the reservoir by running the cycles of filling, cut-
ting, and relocating stages repeatedly (Fig. 4b—e) until
all fifty droplets have been generated. It should be men-
tioned that this irregular shape is difficult to prescribe
as the initial condition in the numerical simulation.
Instead, a drop of circular shape is used with the size
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Fig. 12 Volumes of droplet generated from the ‘conventional reser-
voir’ design

comparable to the experiment. It is believed that the
effect of initial condition on the dispensing process is
negligible.
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The numerical and experimental results of a typical dis-
pensing process for the ‘conventional reservoir’ design are
shown in Fig. 8. As given by Eq. (4), a pressure difference
is created across the liquid boundary when the cutting and
generating electrodes are switched ‘ON’ with the reservoir
electrode switched ‘OFF’ simultaneously. Liquid in the res-
ervoir then flows into the two activated electrodes until they
are filled up (a, b). When the cutting electrode is switched
‘OFF’ as the reservoir electrode is turned back ‘ON’ simul-
taneously, the menisci at the exterior corners of the cut-
ting electrode shrink toward the center with a small neck

developed due to the pressure gradient within the liquid (c).
As more liquid in the neck flows back to the reservoir, the
neck finally pinches off with a small droplet produced on
the generating electrode (d).

As shown in Fig. 8, liquid interface on the generating
and cutting electrodes appears to have excellent agreement
between the numerical and experimental results. How-
ever, there are two noticeable distinctions in the dispens-
ing process. First, the liquid in the reservoir has a rounded
shape in the experiment while the shape is non-circular
in the numerical simulation. It has been found that this
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Fig. 13 Pinch-off locations (a) and intercepts (b) versus droplet volumes for the ‘conventional reservoir’ design
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non-circular shape is inherent in the numerical device and
is already formed at the end of the filling stage of the first
droplet. Since the generating and cutting electrodes have
much smaller sizes compared with the reservoir where a
large drop of circular shape is situated as the initial condi-
tion, as soon as the filling stage takes place, the pressure
contours within the drop rapidly develop into a radial dis-
tribution as shown in Fig. 9. It is of great significance to
mention that the difference between curvatures «, orr and
k; 0N not only creates an internal pressure gradient which
drives the liquid from the ‘OFF’ to the ‘ON’ regions, but
also results in a pressure jump at the points where the lig-
uid interface cuts the border of the ‘ON’ and ‘OFF’ elec-
trodes. This pressure jump leads to the formation of some
localized areas where a much larger pressure gradient is
induced than the rest areas, which directly determines the
direction and speed of the fluid flow as well as the defor-
mation of the liquid in the reservoir. This interesting phe-
nomenon involved in electrowetting-based microfluidic
droplet motions can also be found in other droplet opera-
tions including splitting, merging, and transport (Guan and
Tong 2015a, b). As indicated by the pressure gradient, lig-
uid close to the cutting electrode has a larger moving speed
toward the activated areas while the speed is much smaller
elsewhere. As a consequence, the interface in the localized
areas shrinks toward the reservoir center during the fill-
ing stage and deforms from a smooth curve into a flat line.

Simultaneously, the liquid at the drop trailing edge flows
toward the top area as demonstrated by the pressure and
flow fields, which results in the flat interface at the north-
east corner of the reservoir drop. It has been found that the
radial distribution of pressure contours sustains the entire
filling stage which eventually results in the non-circular
shape of the liquid in the reservoir.

The second distinction is the additional volume accu-
mulated at the exterior corners of the cutting electrode
at the end of the filling stage in the numerical simulation
(Fig. 8b), which is absent in the experiment. This dis-
tinction appears to be a combined result of plate surface
smoothness and contact angle hysteresis effect. It is known
that surface smoothness and hysteresis angle are non-uni-
form and dependent on the time and location in the experi-
ment, which affects liquid shape and can be illustrated
by the unsmooth droplet contour shown in Fig. 8. In the
numerical simulation, on the other hand, surface smooth-
ness is uniform and the hysteresis angle is constant and
equal for AR and Aa. After the generating and cutting
electrodes are filled up, the effect of Ak, is greatly reduced
while «,, takes over the filling stage instead. Due to the
concave shape of liquid interface at the exterior corners of
the cutting electrode where the magnitude of «,, is smaller
than the rest areas, the liquid accumulates there to flatten
the concave interface and compensate the imbalanced pres-
sure force within the liquid.

Fig. 14 Pressure field at the ¥
beginning of the cutting stage of
the first droplet for the ‘conven-

tional reservoir’ design Localized area

with large
pressure gradient
and flow speed

ng((i!,l,//j
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The five steps of droplet dispensing for the ‘stripped
reservoir’ design are given in Fig. 5b—f, and the numeri-
cal and experimental results are shown in Fig. 10.
Similar to the ‘conventional reservoir’ design, a drop

of irregular shape is placed in the reservoir initially.
Prior to the start of filling stage for the first droplet, a
few stripped electrodes on the cutting electrode side
are activated, which enables liquid to fill the left side of

Volume =

Largm

gradient

) (a)
Different intercept locations & curvatures
L3

® ©

Volume =

O.527mm%
Df?(

Smaller press
gradient

(d)

35t «— droplet

droplet
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Fig. 15 Numerical results of the eleventh and thirty-first droplet for
the ‘conventional reservoir’ design: liquid shape at the end of the fill-
ing stage: eleventh droplet (a); thirty-first droplet (d); liquid shape
at the beginning of the cutting stage: eleventh droplet (b); thirty-first
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Fig. 16 Volumes of droplet generated from the ‘stripped reservoir’
design

reservoir (Fig. 5a). This special arrangement is a crucial
step for the ‘stripped reservoir’ design which needs to be
performed before every filling stage (Fig. 5b). After the
liquid fills the first few stripped electrodes (Fig. 10a),
the filling stage is initiated by activating the generating,
cutting, and first stripped electrode while keeping the
rest electrodes deactivated. As a result, a long liquid—gas
interface is created at the left reservoir boundary which
sustains the entire filling stage (Fig. 10b). After the gen-
erating and cutting electrodes are filled with liquid, the
cutting electrode is then turned ‘OFF’ and the entire ten
stripped electrodes are turned ‘ON’ simultaneously. The
liquid on the cutting electrode then flows back to the
reservoir with a neck of the same shape as in the ‘con-
ventional reservoir’ design formed (Fig. 10c). The neck
finally pinches off with a small droplet produced on the
generating electrode (Fig. 10d). Good agreement has
been achieved between the numerical and experimental
results except for the liquid accumulated at the exte-
rior corners of the cutting electrode for the same reason
explained previously.

The five steps of droplet dispensing for the ‘TC reser-
voir’ design are given in Fig. 6b—f and the numerical and
experimental results are shown in Fig. 11. Excellent agree-
ment has been achieved between the numerical and experi-
mental results except for the liquid shape in the reservoir,
which results from the same reason explained for the ‘con-
ventional reservoir’ design.

Certain key non-dimensional groups have been evalu-
ated with the values listed in Table 1. Uy is the reference
velocity which makes the maximum non-dimensional

velocity close to unity. The dimensionless parameters are
defined as: Ca = uUg/o, Re = pUyH/n, We = pUﬁH/a,
and Oh = u/+/poH. Tt is understood that certain aspects
of microfluidic droplet motion induced by the electrowet-
ting effect can be characterized by these non-dimensional
numbers. There are three adjustable parameters in the
numerical model: AR, Aa, and A,,. It has been observed
that varying A, only changes the time scale of dispens-
ing process with negligible effects on liquid shape. Opti-
mum A, is subsequently determined by matching the time
scale of numerical simulations with the corresponding
experiments.

4.2 Droplet volume inconsistency

Volume inconsistency of generated droplets has been
examined for all three designs. In the numerical study,
droplet size was measured by a MATLAB program
which calculates the total area of numerical cells within
the interface. For the experiment, the volume was com-
puted from the droplet footprint area on the generating
electrode, which was determined by a MATLAB image
processing code. As shown in Fig. 12, the ‘conventional
reservoir’ design offers decent volume consistency with
volume inconsistencies of 0.744 and 0.740 % for the
experimental and numerical results, respectively. How-
ever, all volumes are in the range of 0.52-0.55 mm?,
which are at least 30 % larger than the volume occupied
by the generating electrode (0.4 mm?®). This additional
volume primarily comes from the neck formed in the cut-
ting stage.

Different from the findings in some literature that the
pinch-off location was responsible for the volume variation
(Cho et al. 2003; Wang et al. 2011; Yaddessalage 2013),
it has been found from the current numerical results that
the pinch-off locations are fairly stable among droplets
(Fig. 13a). Instead, the section of liquid interface which
cuts the left reservoir boundary at the end of the filling
stage varies and appears to play a significant role in volume
variation (Fig. 13b). As the droplet being dispensed, the
liquid in the reservoir is accumulated at the left side since
the pressure gradient close to the cutting electrode is much
larger than the rest areas in the cutting stage (Fig. 14). As a
result, the intercept of the liquid interface at the left reser-
voir boundary at the end of filling stage is found to move
up for the first thirty-five droplets as the slope of the inter-
face increases progressively. The intercept then moves
down for the last fifteen droplets due to the liquid in the
reservoir getting depleted (Fig. 13b). The variation of the
intercept locations alters the pressure fields on the cutting
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Fig. 17 Numerical results of the eleventh and thirty-first droplet for
the ‘stripped reservoir’ design: liquid shape at the end of the filling
stage: eleventh droplet (a); thirty-first droplet (d); liquid shape at the
beginning of the cutting stage: eleventh droplet (b); thirty-first drop-

electrode at the beginning of the cutting stage among drop-
lets. Given the pressure fields on the generating electrode is
relatively stable in the cutting stage, the pressure gradient
on the cutting electrode is actually in charge of the defor-
mation of the neck and eventually determines the amount
of liquid adding to the generated droplet after the pinch-off.
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let (e); pressure fields at the beginning of the cutting stage: eleventh
droplet (c); thirty-first droplet (f); liquid contour right before the
pinch-off (g); droplet contour right after the pinch-off (h)

Therefore, the pressure fields on the cutting electrode at the
beginning of the cutting stage are extremely crucial for the
volume of generated droplet.

To substantiate this point, the numerical results of
a larger (11th) and a smaller droplet volume (31st)
are shown in Fig. 15. It is found that the intercepts are
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Fig. 18 Volumes of droplet generated from the “TC reservoir’ design

located at different places at the end of the filling stage
due to the different slopes of interface section as dis-
cussed earlier. As soon as the cutting stage takes place,
a larger pressure gradient is created on the cutting elec-
trode for the eleventh droplet since the intercept is closer
to the cutting electrode and squeezes the pressure con-
tours (b, c). The larger pressure gradient for the eleventh
droplet results in a slightly different neck right before
the pinch-off (g) and eventually produces a droplet with
a slightly larger volume than the thirty-first droplet (h).
In summary, when the intercept location at the end of
the filing stage is closer to the cutting electrode, a larger
pressure gradient will be formed on the cutting electrode
at the beginning of the cutting stage, which leads to the
generation of a droplet with slightly larger volume and
vice versa. Note that the intercept location is not the
sole factor controlling droplet volume which can also be
affected by some other elements such as pinch-off loca-
tion and liquid volume remaining in the reservoir. The
variation of droplet volume does not necessarily have
an exactly inverse relationship with intercept location as
shown in Fig. 13b.

As for the ‘stripped reservoir’ design, the vol-
ume inconsistency is 0.437 % for the experiment ver-
sus 0.426 % for the numerical results (Fig. 16). The
improvement of volume inconsistency is mainly contrib-
uted from the long liquid—gas interface at the left res-
ervoir boundary sustaining the entire filling and cutting
stages. This liquid—gas interface eliminates the intercept
in the ‘conventional reservoir’ design and stabilizes the
curvatures at the exterior corners of the cutting electrode
at the end of the filling stage. Consequently, the pres-
sure fields on the cutting electrode at the beginning of

the cutting stage become steady among droplets which
greatly reduce volume inconsistency. The numerical
results of the eleventh and thirty-first droplets are shown
in Fig. 17. It has been found that the pressure fields on
the cutting electrode at the beginning of the cutting stage
are very similar (c, f), which results in overlapping lig-
uid contours before the pinch-off (g) and eventually sim-
ilar droplet volumes (h).

A very interesting phenomenon found in both the
experimental and numerical results is that the volumes
demonstrate a noticeable increase in the last few droplets
(Fig. 16). It has been discovered that the liquid in the res-
ervoir is almost depleted for the last few droplets and the
liquid—gas interface becomes very close to the left reser-
voir boundary, which squeezes the pressure contours on
the cutting electrode. Consequently, the pressure gradi-
ent becomes slightly greater for the last few droplets and
eventually leads to the increase in droplet volumes for the
same mechanism given for the ‘conventional reservoir’
design.

To substantiate this point, another dispensing case has
been numerically performed for the ‘stripped reservoir’
design in which the initial liquid volume is increased by
12 %. As shown in Fig. 16, the new case has a smaller
inconsistency of 0.326 % without the noticeable increase
in the last few droplets. It has been found that the pres-
sure gradients on the cutting electrode display very simi-
lar patterns for the last few droplets, which suggests that
the liquid in the reservoir has negligible effect on the
droplet volume as long as the reservoir is sufficiently
filled.

As shown in Fig. 18, the volume inconsistencies for the
‘TC reservoir’ design are 0.333 and 0.331 % for the experi-
mental and numerical results, respectively. The pressure
fields on the cutting electrode, shown in Fig. 19, are very
similar for the eleventh and thirty-first droplet (c, f), which
results in their similar volumes. It has been discovered that
the reservoir is also almost depleted for the last few droplets,
but the pressure fields still display almost the same patterns,
which suggests that the volume is hardly affected by the lig-
uid in the reservoir. Another notable difference between the
‘TC reservoir’ and the other two designs is that all volumes
are within the range of 0.40-0.42 mm>, less than 5 % over
the volume occupied by the generating electrode (0.4 mm?),
which is primarily contributed from the reduced sizes of the
cutting length and liquid neck formed in the cutting stage.
The results appear to fully demonstrate the advantages of
“TC reservoir’ design over the other two designs, which are
especially favorable for the biomedical applications in which
both volume consistency and accuracy are of paramount
importance.
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5 Conclusion

The dynamics of micro water droplet dispensing in par-
allel-plate EWOD devices with three different reservoir
designs have been investigated numerically. The transient
governing equations for the microfluidic flow are solved by
a finite-volume scheme with a two-step projection method
on a fixed computational domain. The interface between
liquid and gas is tracked by a CLSVOF method. A CSF
model is employed to model the surface tension at the inter-
face. Contact angle hysteresis, which is a crucial element
in EWOD modeling, has been implemented together with
a simplified model for the viscous stresses exerted by the
two plates. The numerical results obtained from the current
study are in good agreement with the corresponding experi-
ments. The physics involved in the droplet dispensing pro-
cess has been studied and the volume inconsistency of gen-
erated droplets has been examined for all three designs. It
has been discovered that the pressure distribution on the
cutting electrode at the beginning of the cutting stage is of
considerable significance for the inconsistency of droplet
volumes, which can be improved by stabilizing the inter-
cept of liquid interface at the reservoir boundary at the end
of the filling stage. Smaller volume inconsistency can also
be achieved by shortening the liquid cutting length, which
reduces the size of the neck as well as the volume added to
the generated droplet after the pinch-off. It has been found
that the ‘stripped reservoir’ design has smaller volume
inconsistency than the ‘conventional reservoir’ design due

to the elimination of the intercept at the reservoir boundary.
However, the ‘stripped reservoir’ design becomes unreli-
able when the liquid in the reservoir is near depletion. The
“TC reservoir’ design is the best among the three designs
since the volume displays excellent consistency and is
close to the size of the generating electrode due to a much
shorter neck formed in the cutting stage.
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Appendix: Grid convergence study

Computations of droplet dispensing in the ‘conventional
reservoir’ design have been conducted with three dif-
ferent mesh sizes for the grid refinement study. The lig-
uid contours before the pinch-off of the first droplet are
shown in Fig. 20. The results obtained from the three
different grid sizes are very close, which indicates that
grid convergence has been achieved. Similar grid conver-
gence results have been obtained in the droplet dispens-
ing simulations for the ‘stripped reservoir’ and ‘TC reser-
voir’ designs. Based on the results of the grid refinement
study, uniform square mesh of grid spacing of 0.2 mm is
adopted for all three designs in the present study.
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