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We use a three-dimensional multiphase lattice-Boltzmann model to study basic operations such as trans-
port, merging and splitting of nanoliter water droplets actuated by electrowetting in digital microfluidic
devices. In a first step, numerical and analytical predictions for the droplet transport velocity are com-
pared and very good agreement is obtained for a wide range of contact angles. The same algorithm is
employed then to study the dynamics of the splitting processes at different contact angles and different
geometries of the cell. The configuration of the liquid droplet involved in a splitting process and the
dependence of the splitting time on the transport velocity are also investigated and phenomenological
laws describing these processes are also proposed.

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

Digital microfluidics [1] emerged as a second-generation archi-
tecture for lab-on-chip devices that is based upon the manipula-
tion of discrete nanoliter volume droplets between two parallel
plates (Hele-Shaw cells [2]). By applying a force locally on each
individual droplet, digital microfluidic devices allow unit-sized
packets of fluid to be transported, merged, mixed, split or stored
in a discrete manner by using programmable external controllers
[1]. Among the various mechanisms capable of manipulating dis-
crete droplets on a surface (dielectrophoresis [3], thermocapillarity
[4] and surface acoustic wave transport [5]), the electrowetting ef-
fect [6], defined as the change in the solid-liquid contact angle due
to an electric potential difference between the solid and the liquid,
offers the distinct advantage of being highly suitable for large scale
integration on lab-on-chip devices. In such devices, the potential
difference is applied between an array of individually controllable
electrodes patterned on the bottom plate and a ground plane
placed on the top plate. A microfluidic device consisting of a
Hele-Shaw cell and an array of patterned electrodes on the bottom
plate is usually referred to as an electrowetting-on-dielectric
(EWOD) or digital microfluidic device.

In digital microfluidic devices, the droplets experience very
complex geometrical changes, rapid displacements, and compli-
cated internal recirculation of fluid when submitted to the elec-
trowetting forces. To improve the reliability and accuracy of
these devices, it is thus critically important to achieve a complete
understanding of the fundamental processes involved in the
manipulation of the droplets. Both analytical [7,2,8-10] and
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numerical [11-14] methods have been proposed in the past for this
purpose. However, most of these studies have considered either (i)
that the droplets are in static equilibrium [9,10,15,12], (ii) very
simplified droplet geometries [15], or (iii) have involved some
purely empirical parameters [8]. New methods are thus required
before the complex processes occurring during the manipulation
of the droplets can be fully understood.

The fundamental challenge in modeling such kind of processes
consists mainly of the mesoscopic nature of the physical systems
usually considered in digital microfluidics and nanofluidics. Classi-
cal approaches to computational fluidics based on discretizations
of macroscopic continuum equations (like Navier-Stokes) present
several difficulties [8,11] in dealing with wetting processes and
contact line dynamics. On the other hand, molecular dynamics ap-
proaches, although successful for modeling wetting effects at the
atomistic level (carbon nanotubes for example [16]), cannot be
used for the sub-millimeter sized liquid droplets found in digital
microfluidic devices as the number of atoms (molecules) is then
simply too large for the actual computers. A relatively new numer-
ical tool, designed to fill the gap between the microscopic (atomis-
tic) level and the classical macroscopic methods is the lattice
Boltzmann (LB) approach [17,18]. This new method, which is a
numerical version of the continuous (full) Boltzmann equation,
consists of simplified kinetic models incorporating the essential
physics of microscopic or mesoscopic processes so that the macro-
scopic averaged properties obey the desired macroscopic equations
[17]. The main strength of the LB method is that it behaves like a
classical Navier-Stokes solver in the bulk liquid whereas its meso-
scopic nature becomes important at the interfaces [19]. This
advantage allows to easily address physical processes involving
multicomponent or multiphase systems and complicated phenom-
ena like contact line dynamics on complex boundaries.

0045-7930/$ - see front matter Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
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In this paper, we apply a 3D LB numerical algorithm in order to
study basic operations in electroweting induced processes in digi-
tal microfluidic devices. The numerical results are compared to
analytical models and simple phenomenological laws for the total
splitting time of liquid droplets are given.

2. Numerical model

Several LB numerical schemes for addressing multiphase and
multicomponent fluid flows are available in the literature. One of
the first LB-based multicomponent model has been developed by
Gunstensen and Rothman [20] and was based on the lattice gas
model of Rothman and Keller [21]. Multiphase flows and phase
separation have successfully been simulated by using the method
of Shan and Chen [22,23], based on the use of an interaction
pseudopotential between different phases (or components) of the
system. Free-energy [24-26] and mean-field [27] LB approaches
based on the themodynamics of two-component fluids and the
free-energy thermodynamic functional can also be used for model-
ing multiphase and interfacial dynamics.

We numerically implemented a multiphase LB algorithm as de-
scribed by Shan and Chen [22] and Shan and Doolen [23] by con-
sidering a three-dimensional lattice with 19 speeds (well known
in the literature as the D3Q19 scheme [28]) denoted as €;, where
i goes from O (particles at rest) to 18 (for the other predefined
directions). The fluid particles at the nodes X of the lattice are inter-
acting with their first-order neighbors (located at X+ €;) via an
attractive short-range force of the form

F®) = —Gu¥(®) Zwivf(z +8) (1)

where Gj; is a negative quantity equivalent to the thermodynamic
temperature and it is responsible for the liquid to vapor density ra-
tio as well as the surface tension coefficient. ¥ is an interaction po-
tential responsible for the equation of state (EOS) and equilibrium
densities of the considered physical system (liquid and vapor)
[29]. However, the choice of the interaction potential has to be
made according to the relevant dimensionless number of the phys-
ical problem under investigation. In case of sub-millimeter sized
droplets actuated by electrowetting, the surface tension and viscos-
ity effects are dominant [30]. Thus, the capillary number

-1 @)
Y

has to be considered. # and y in the expression above are respec-

tively the dynamic viscosity and the surface tension coefficient,

whereas U is the droplet velocity. We have chosen an interaction

potential that leads to one of the most stable EOS [31] that is

Yip] = Poexp (f %) 3)

where p stands for the fluid density whereas ¥, and po are constant
parameters responsible for the equilibrium vapor and liquid densi-
ties. In our implementation, G;; = — 120, ¥ =4 and po = 200 give a
surface tension coefficient Y = 14.1.

This value has been obtained by simulating liquid droplets of
different radii and applying the Laplace law for the pressure differ-
ence across the free surface (Fig. 1a). The dynamic viscosities ' in
the simulation are related to the collision time 7 through the kine-
matic viscosity v*& = (t — 0.5)/3 and the density p of the fluid (since
n'B = v8/p). In this paper, we consider the default value of the col-
lision time 7 =1 in the BGK collision term [32] therefore the two
phases (equivalent liquid and gas) will present identical kinematic
viscosities but different dynamic viscosities since different densi-
ties are obtained after the phase separation.
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Fig. 1. (a) Linear fit with the Laplace’s law of the pressure difference across
spherical droplets of different radii; (b) simulated contact angles at the solid plates
obtained by adjusting the interaction potential with the solid nodes.

The wettability of solid obstacles in the simulation (plates, elec-
trodes and walls) is modeled by assuming a default value of the
interaction potential ¥ (for example 1.0) at all the nodes inside
these obstacles. Then the interaction constant G;; in Eq. (1) is re-
placed with another constant G;s (also negative) able to reproduce
any desired contact angle of the liquid relative to the solid walls. As
shown in Fig. 1b, a full range of contact angles from 0° to 180° can
be obtained by appropriately tailoring the solid-liquid interaction
potential. Note that the numerical values on the abscissa of this
graph correspond to absolute (positive) values of the G;s constant.
It is worth mentioning that the quantity G;s is not strictly related to
the electrical voltage applied in a real electrowetting device. How-
ever, if necessary, such dependence can be obtained by correlating
well known experimental electrical voltage dependencies of the li-
quid-solid contact angle to the numerical simulations presented in
Fig. 1b. That is, the electrowetting equation as well as the problem
of contact angle saturation in electrowetting [33] can be accounted
for in a phenomenological manner. As for the actuation mecha-
nism, by changing the contact angle at a certain region of the drop-
let, a change in the macroscopic curvature of the liquid free surface
and consequently a difference in the internal pressure of the liquid
droplet will be induced. Finally this difference in the internal pres-
sure will eventually induce a displacement of the liquid against the
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internal pressure gradient that is the droplet actuation. Further de-
tails on the difference between microscopic and macroscopic con-
tact angles as well as a recent discussion on the different
mechanisms of electrowetting actuation can be found in Ref. [34].

3. Parametrization of LB variables

The most important step in LB simulations is to relate abstract
LB units of length and time (lu and ts, respectively) to real (physi-
cal) units (m and s). In this work, this is achieved by using the char-
acteristic dimensionless number Ca as defined by Eq. (2). Since the
capillary number Ca has to be identical in both lattice Boltzmann
(“LB”) and real (“R") physical systems, we impose

Ry R LBy JLB
Ca= "Vﬁ’ = "yf,j (4)
By expressing the two velocities from the equation above and
imposing the condition UR = U!E we easily get

LB MR
e A3 ®
nte| ts nkj s

For water droplets we have y® =0.0725 N m and #% = 0.001 Pas.
Thus Eq. (5) reads now 1 lu/ts = 454 m/s. This value represents a
relationship between the linear velocity in the LB space and the
real world and can be used to relate LB units to physical length
and time units. For example, if one lattice unit (lu) corresponds
to 4.54 pm, a unit time (ts) accounts about 10 ns.

4. Numerical experiments

We consider a computational domain with 608 x 262 x N,
points in a regular lattice, where N, € {10,16,25} are accounted
for three different thicknesses H of the droplets (Fig. 2). All the
nodes of this domain are considered as fluid nodes except those
at the boundary that are set as solid nodes and both density and
interaction potential initialized accordingly. Three squared comb-
shaped electrodes [35] (denoted as A, B and C) with the size of
about 110 lu are designed on the bottom plate (Fig. 2). If we con-
sider 1 lu=4.54 um (as discussed in Section 3), this computational
domain corresponds to a real EWOD system of 2.76 mm x
1.18 mm x H where H € {45.4 um, 72.54 pum, 113.5 pm}. Similarly,
the size of the electrodes is of about 0.5 mm. The two extreme elec-
trodes (A and C) are intentionally prolonged up to the boundary of
the computational domain in order to facilitate the splitting. The
interaction potential G;s at these regions will be changed similarly

Bottom plate

ﬁ

Fig. 2. Top and lateral view of the simulation scene considering two liquid droplets
at equilibrium between the two parallel plates (Hele-Shaw cell). Three comb-
shaped actuation electrodes are considered on the bottom plate.

with the actuation voltage in real EWOD devices. The equivalence
between the constant G;s and the electrical potential can be made
through the contact angle at the solid-liquid-vapor separation
(contact) line (inset of Fig. 1b). As for the top plate, it is considered
homogeneous, that is the same interaction potential and density
are set everywhere. A contact angle referred to as 0ogr (correspond-
ing to an interaction potential constant G;sopr) is applied both on
this top plate and to the regions outside the electrodes A, B and
C on the bottom plate. The contact angle at activated electrodes
can be changed by setting the interaction potential at these regions
to a different value G;son different from Gisopr. The immediate
effect of this change is that the contact angle at the activated elec-
trodes will be changed with respect to the inactivated regions
(plates). Consequently the curvature of the liquid free surface
will be changed and a pressure difference (actuation) along the
electrode chain will be generated. In this way, transport, splitting
of merging of discrete droplets can easily be modeled by an appro-
priate time evolution of the interaction potentials at the active
regions (nodes) of the plates. Thus, contrary to the previous ap-
proaches in modeling the transport of droplets in digital microflu-
idic devices, this model is very well suited to handle correctly the
complex variations in the 3D geometry of the droplets with time. It
can thus provide a more complete understanding on the transport
velocity and dynamics of the operations performed on these
devices.

5. Results and discussion

All the simulations start by considering two liquid droplets
above the electrodes A and C and a timeline of the interaction po-
tential with active and inactive regions as shown in Fig. 3a. Both
inactive (plates) and active (electrodes) regions are initially set to
a potential corresponding to Ogrr. The size of the droplets at equi-
librium is about the size of the electrodes D =~ 0.5mm (Fig. 3b).
At the time t; the electrode B is activated to an interaction poten-
tial Gs corresponding to a contact angle Aoy < Oorr. Consequently
the two droplets will approach each other Fig. 3c) and merge in a
single larger droplet. The electrode B is then turned off and the
simulation continues up to the time t, until the equilibrium of
the new formed droplet is attained (Fig. 3d). At the moment t3
the electrodes A and C are activated to an interaction potential cor-
responding to 0oy < Oorr (Fig. 3e). The droplet elongates on the
direction of the electrode chain and, if the electrowetting forces
are strong enough, it splits into two smaller droplets located above
the electrodes A and C (Fig. 3f). Then all the potentials on the elec-
trodes are released to Ogrr and two liquid droplets at equilibrium
are obtained (Fig. 3g). Several simulations following the pattern se-
quence in Fig. 3a are performed at different ON and OFF contact an-
gles and the transport velocity (before merging) as well as the
splitting time of the liquid droplet computed. The main results of
these simulations are comprised in Fig. 4a and b.

One of the main conclusions of the numerical analysis is that
the transport velocity is directly proportional to the quantity
A cos 0 = cos 0oy — cos Oppr (Fig. 4a). This is in rather good agree-
ment with the analytical model [36] for the transport velocity U
of a droplet of radius R and height H

YH

U= WA cos 0 (6)

The expression above has been derived from the Navier-Stokes
equations by neglecting inertia, the viscous drag due to surround-
ing gas as well as the contactangle hysteresis effects. In other
words, the above simplified model results from the consideration
of only two competing forces: the electrowetting actuation and
the viscous friction (drag) between droplet and the metallic plates.
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Fig. 3. (a) Time line of the interaction potentials corresponding to the simulation of a complex process on EWOD consisting of transport, merging and splitting liquid droplets;
(b-g) different snapshots of the simulation from the initial configuration (b) until the splitting has been achieved (f).

As we shall see in the following, this simplified analytical model is
reproduced relatively well by the numerical algorithm. The small
difference between this analytical law and the numerical simula-
tions can be explained by the deformation (elongation) of the drop-
let during the transport process. This deformation is equivalent to a
decrease of the droplet hydrodynamic radius thus a slightly in-
crease of the transport velocity at the same actuation pressure dif-
ference (solid and dashed lines in Fig. 4a). This indicates that,
although simple analytical models can be used to predict reason-
ably well the transport of droplets in digital microfluidic devices,
3D LB simulations can provide a more complete and precise under-
standing of the phenomenon affecting the motion of the droplets.

After the equilibrium of the merged droplet is attained (time t3),
the splitting is started and the position of one leading edge of the
droplet (inset of Fig. 3b) is recorded until the separation of the
main droplet is achieved. The time evolution of this parameter fol-
lows a logarithm-like law and the critical positions corresponding
to the actual break up of the droplet are almost identical (the ends
of the splitting curves in Fig. 4b are characterized by approximately
the same ordinate). Indeed, as shown in Fig. 5, the configuration of
the droplet at the break up time does not change too much with
the contact angles at active and inactive regions and seems to be
dictated by the geometry of the electrodes only. The contact angles
used in the simulations in Fig. 5 are indicated on each subfigure in
the format Oon/0orr. The slight change in Fig. 4e observed at very
small ON contact angles 6oy = 42° is due to the fact that the droplet

follows better the square shape of the electrodes such that the cur-
vature of the free surfaces of the filament (link) before break up is
slightly increased.

The splitting time, that is the difference between the time cor-
responding to the complete separation of the droplet and t; (i.e.,
the moment of activation of the electrodes A and C) is also evalu-
ated at different values of the ON and OFF angles and different
thicknesses H of the droplets (distance between the plates). A
hyperbolic dependence of splitting time of the form

“Acos0—b (7)

is found to correspond to all investigated thicknesses (Fig. 6). A rea-
sonable value of the parameter t, that fits all the points in Fig. 6 (so-
lid lines) is about 0.3 ms. As for the parameter b, it is related to the
critical value of A cos 0 at which the splitting of the droplet be-
comes possible (note that for A cos0=b we get t — co). That is
for a given spacing between the plates (droplet thickness) there
are some critical combinations of ON and OFF contact angles (such
that A cos 6 > b) which are capable of leading the droplet in a full
break up process. The numerical values of the parameter b and
the corresponding droplet thicknesses are given in Fig. 6.

Since the parameter b corresponds to the splitting threshold va-
lue for A cos 6, it can be evaluated by analytical means also. A sim-
ple analytical expression for this critical value can be derived from
the hydrostatic equilibrium of the droplet just before splitting [7]

t(Acos )
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Fig. 4. (a) Numerical (points) and analytical (lines) modeling of the transport
velocity in EWOD; (b) law of motion for the leading edge of a droplet involved in a
separation (splitting) process.

R, Ry

R, 1- ﬁb (8)
where R; and R, are the in-plane radii of curvature of the leading
edge and necking region, respectively (Fig. 5a). R, is considered po-
sitive if the necking filament is convex and negative when it be-
comes concave. Obviously, in all situations depicted in Fig. 5, R, is
negative since the droplet is almost at the splitting threshold and
the in-plane profile of the liquid filament is concave. In a first
approximation we can consider R; = — R, and the equation above
becomes

2H
b= (©)

but for a better accuracy, both curvature radii of the droplet has to
be considered, that is

b:H(Rll—Rlz). (10)

For the geometry considered here, the numerical values of the
splitting thresholds for H=45.1 um, H=76.16 pum and H=112.75
um are about 0.2, 0.3 and 0.5, respectively. Compared with the
fit values from LB numerical simulations (legend of Fig. 6), an
acceptable agreement is observed for the first two cases, especially

Fig. 5. Scalar cut planes in the density field of the simulation illustrating the
geometrical configuration of the droplet just before the break up at different values
of the ON/OFF contact angles. The slight corrugation of the droplet contour at small
ON contact angles (more visible in d) originates in the tendency of the droplet to
follow the shape of the electrodes.

254 .
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Fig. 6. Dependence of the splitting time on the quantity A cos 0 for three different
thicknesses of the droplet.

when the droplets are thinner. However, the two approaches be-
come to disagree for thicker liquid droplets, the deviation being
of about 37.5% from the LB numerical prediction in the case
H=112.75 pum. In our view, the observed discrepancies originate
in the non-uniformities of the free surface curvature at the bound-
ary of the electrodes and they become larger when distance
between the plates gets larger. In other words, as the free surface



L. Clime et al./ Computers & Fluids 39 (2010) 1510-1515 1515

area of the liquid becomes larger, the variations of the contact an-
gle along the contact line become smoother and the pressure dif-
ferences responsible for the droplet splitting get smaller
accordingly. This means that analytical thresholds like (8), (9)
can be useful for splitting droplets of high aspect ratio (at least
10 for 2R/H). At low aspect ratios (below 10), the free surface area
to contour length ratio increases, and the above simple analytical
model does not hold anymore. As such low aspect ratio are fairly
common in digital microfluidic devices [6,7,30,35], our results
highlight the importance of performing complete 3D dynamic
analyses to predict reliably not only the kinetics but also the
threshold conditions for the splitting of droplets.

6. Conclusions

The physical processes in EWOD devices can accurately be mod-
eled by numerical lattice Boltzmann approaches. The basic pro-
cesses involved in these devices are related to the viscosity of the
liquid and the capillary forces at free liquid interface. Thus the cap-
illary number Ca can be used as a characteristic dimensionless
number for these phenomena. We found that the droplet transport
velocities obtained from the lattice Boltzmann simulations are in
good accord with the analytical Hele-Shaw model. However, some
slight but significant differences were observed between the model
and the LB simulations due to the deformation of the droplet that is
not taken into account in the analytical model. The high versatility
of the LB models also enabled us to measure the dynamics of oper-
ations involving much more complex geometries than simple drop-
let transport. For example, we found that the time required to
perform the splitting of a droplet generally follows a hyperbolic
law with an asymptotic behavior at the splitting threshold, where
the required splitting time tends to infinity. Our results additionally
indicate that the previous analytical models used to predict this
splitting threshold would lead to significant inaccuracies for drop-
lets with diameter to thickness aspect ratios larger than 10. This pa-
per thus highlights the importance of using models, such as lattice
Boltzmann, that are capable of performing dynamic analyses of
complex 3D objects to fully grasp the phenomenon occurring dur-
ing the manipulation of droplets in digital microfluidic devices.
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