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' Numerical modeling of the splitting of magnetic droplets by muitiphase

2 lattice Boltzmann equation
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4 NRC, Industrial Materials Institute, 75 Boul. de Mortagne, Boucherville, Quebec J4B 6Y4, Canada

5 (Presented 12 November 2008; received 17 September 2008: accepted 5 November 2008;

5 published online xx Xx xxxx)

7 A multiphase lattice Boltzmann numerical model driven by an isothermal interaction potential is

8 applied for the splitting of magnetic droplets in electrowetting-on-dielectric devices. A hydrophilic
9 magnelic plug is considered inside the liguid droplet and successive uniform force fields are applied
10 in order to split this droplet. The numerical results are compared with experiments on water droplets
1 containing plugs of superparamagnetic beads and good agreement is obtained. © 2009 American
12 Institute of Physics. [DOL 10.1063/1.3068486]
13

14 |. INTRODUCTION

15 Biological molecules are commonly detected by using
18 certain labels such as fluorescent dyes or enzymes.1 One im-
17 portant role in the design of biosensors is played by particles
18 that can be spatially manipulated and confined in certain re-
19 gions of the biochip by using external fields. Electric,”
20 magnetic}'5 or combinations of electric and magnetic fields®
21 can be used in order to accurately manipulate and capture
22 these particles. The magnetic labels are particularly advanta-
23 geous since the magnetic background of biological fluids is
24 very low and relatively large actuation forces can be ob-
25 tained with relatively small (submicron-sized) magnetic
26 parti(:les.?_9 Achieving high actuation forces is particularly
27 important for bioassays performed in microfluidic devices.
28 Indeed, in traditional continuous-flow microfluidic bioassays,
29 the biological species are typically mixed and attached onto
30 the surface of the particles, then flushed through microfluidic
3t channels where coils and/or permanent magnetslm are used
32 to trap and confine the particles in certain regions where the
33 detection has to take place. However, several issues related
34to the mixing (diffusion length) at very low Reynolds
35 numbers'® combined with the inherent difficulties in the de-
36 sign of scalable continuous-flow architectures'’"'” severely
37 limit the reliability and throughput of magnetic-based bioas-
38 says performed in microfluidic channels, A better way to
3¢ circumvent these drawbacks is to implement a chip architec-
40 ture based on discrete droplets, namely, digital microfluidic
41 based biochips. Unlike closed-channel flows employed in
42 continuous microfiuidics, digital microfluidic devices are
43 based on discrete and independently controllable droplets
44 that are manipulated on an open substrate by using external
45 and completely reconfigurable controllers. Among the vari-
4§ ous mechanisms capable of manipulating and controlling lig-
47 uid droplets on dielectric surfaces (dielectrophoresis,"3
48 lhermc:n:apillarity,H and surface acoustic wave transport'”),
49 the electrowetting effect (defined as the change in solid-
50 liquid contact angle due to an applied potential difference
51 between the solid and the liquid”’) offers the distinct advan-
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tage of being highly suitable for large-scale integration on 52

lab-on-chip device. Basic operations like transport, splitting, 53
and merging of liquid droplets may easily be realized by 54
simply applying appropriate voltages on the device 55
electrodes.!” Thus, magnetic beads can be confined to a 56
single electrode with a concentrated magnetic field via a 57
simple droplet merging and splitting routine.'” Since the in- 58
terfacial tension of the liquid plays a crucial role at this scale, 59
the magnetically splitting of droplets charged with magnetic 60
beads (henceforth referred to as magnetic liquids) will be the &1
result between competing magnetic forces acting upon indi- 62
vidual beads and overall interfacial forces at the contact lines 63
with the dielectric platform. Obviously, proper designs of 64
electrowetting devices needs deep-understanding of both mi- 85
croscopic and macroscopic physics involved in these pro- 66
cesses, Among the numerical techniques vsed to model the 67
physical processes related to digital microfluidics, the lattice 68
Boltzmann method (LBM) (Ref. 18) is a very promising tool, 69
several theoretical'’ and experimental2 confirmations being 70
already reported in the literature. The main advantages of 71
this method over other traditional techniques consist of its 72
ability to easily address cowplicated processes related 1o 73
liquid-vapor interfaces, multiphase and multicomponent 74
flows, and contact line dynamics as well. 75

The aim of this work is to test the ability of a two- 76
dimensional (2D} lattice Boltzmann scheme to satisfactorily 77
reproduce the splitting of magnetic liquid droplets by elec- 78
trowetting actuation and magnetic field gradients. Theoreti- 79
cal simulations are compared with experimental measure- 80
ments in order to obtain the simulation parameters able to 81
satisfactorily reproduce the observed experimental behavior. 82

It. EXPERIMENT 83

The experiment is performed on an EWOD 84
(electrowetting-on-dielectric) microfluidic device consisting 85
of an array of electrodes placed underneath a diclectric layer 86
and covered by a thin hydrophobic coating [Fig. 1(a)].2' The 87
liquid droplets are “sandwiched” between the bottom sub- 88
strate containing the electrodes and a top plate where a con- 89
ductive thin film acts as a ground electrode. Water droplets of 90
about 1.8 mm diameter and 150 gm height containing aboul 91
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a) Insulation + coating

FIG. 1. (Color online) Schematic lateral view of a EWOD-based device for
splitting magnetic dropleis in magnetic and nonmagnetic counterparts. {a) A
permanent magnet is placed underneath the bottom plate of the EOWD
device in order to concentrate and retain the magnetic material of the liquid
droplet above the electrode EO only. (b) Electrodes E1 and E2 are activated
by applying an eleciric potential with respect to the top {ground) plate. (¢}
The initial droplet is splif in two smaller droplets: one containing the mag-
netic beads and another one completely nonmagnetic, Activated electrodes
are indicated with star superscript symbols in their labels.

92 35 pg of | um diameter superparamagnetic  beads
93 (Invitrogenzz) are first introduced in the EWOD device. The
94 actvation of the droplets {transport} is achieved by succes-
95 sively applying voltages on the bottom electrodes (E1, E2,
96 etc.} with respect to the top electrode (ground). According to
97 the electrowetting theory, % this potential modifies the con-
98 tact angle of the liquid droplet with respect to the bottom
99 plate coating layer, thus generating a net actuation force [Fig.
100 1(b)] toward these electrodes. The breakup of the initial
101 droplet in two other smaller droplets, one containing the
102 magnetic particles and another completely nonmagnetic [Fig.
103 H{c}], is realized when the external electrowetting actuation
104 force is large enough to overcome the surface tension of the
105 liquid. During this process, the magnetic force acting upon
106 the plug of magnetic particles has to be large enough in order
107 to hold back the dropiet. A cylindrical permanent magnet
108 with a diameter of 0.8 mm and a saturation magnetization of
109 1.4 T placed underneath the magnetic droplet [as schemati-
110 cally shown in Fig. 1(a)] is found to be powerful enough in
111 order to concentrate and retain the magnetic plug during the
112 splitting process.

113 1. NUMERICAL MODEL

114 The physical processes relaled o the electrowetting ac-
115 twation and splitling of liquid droplets are modeled here with
116 a D2Q9 LBM scheme® and a multiphase isothermal mesos-
117 copic potential.** An array (computational domain) of
118 671 X 300 cells are filled with particles characterized by a
119 Shan-Chen interaction potential™  y{p)= b exp(—py/ p)
120 where =4 and py=200. Particles in these cells are distrib-
121 uted along nine well defined velocity directions (links) and
122 their distributions updated according to the standard
123 Bhatnagar-Gross—Krook collision rules.” Cohesion forces
124 between fluid particles are then computed via
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FiG. 2. (Color online) Splitting {top view) of a magnetic droplet on three
electrodes: (a) magnetic beads (dark regions) in a single droplet above the
permanent magnet, (b) electrode El is actuated and the fiquid spreads on El,
while the magnetic plug remains confined in the region of high magnetic
field gradient, (c} elecrode E2 and E3 are actuated and the droplet form a
dimmer of two smaller droplets linked by a very thin Jiquid filament, (d) the
link between the two droplets is removed, and (e) two smaller droplets at
different positions on the EWOD device are obtained. Experimental and
theoretical total lengths () of the liquid droplet during the splitting process
are indicated in (b}, {c}, (d), and (e).

Fpig auial7) = = GLL‘#F% Wiliré i (1) 125
where G;;=-~120 stands for the internal cohesion strength 126
and is mainly responsible for the interfactal tension devel- 127
oped at the interface between two phases (here liquid and 128
vapor). €, and w; are the unit vectors and the interaction 129
weightings factor™** corresponding to the link k of the cell 130
located at 7, respectively. The adhesive interaction between 131
fluid particles and the surface (the hydrophilicity) of the 132
magnetic plug is modeled by analogy to fluid-fluid 133
interactions,” by replacing G; in Eq. (1) with G g=-350 134
and setting =1 on all solid boundary nodes. In this way, the 138
hydrophilicity of a certain material can easily be modeled by 136
setting G to a desired contact angle between the liquid and 137
that material. In this work G,; and Gy ¢ are chosen in such a 138
way that the contact angle of the liquid with respect to the 139
magnetic plug be set to 0° (that is a very hydrophilic plug). 140
This plug is represented in Fig. 2 as a dark disk of 50 lattice 141
units {lu) diameter, surrounded by a liquid shell of total di- 142
ameter Dy=110 lu. The interaction of the liguid droplet with 143
the bottom and top plates of the devices cannot be directly 144
introduced in 2D simulations. Thus, the electrowetting actua- 145
tion force is modeled by vector fields acting on the liquid 146
particles only {p= p]iquid) and located at regions correspond- 147
ing to the actuation electrodes in the real device (the limits of 148
these fields are denoted as F1 and F2 in Fig. 2). A force of 149
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TABLE I. Physical quantities and numerical values of related LBM param-
eters responsible for the dynamics of the splitting of a magnetic droplet in a
EWOD-based microfluidic device. In the expression for the magnetic force
at equilibrium A, stands for the radial magnetic field, ¥, for its gradient in
the plane of the EWOD device, V for the total volume of magnetic material
in the droplet, whereas ug and y are the vacuum absolute wmagnetic perme-
ability and apparent magnetic bead susceptibility, respectively.

Physical quantity Experiment LBM parameter
Diameter of

magnetic plug 0.5 mm 50 lu
Diameter of

droplet 1.5 mm 110 tu
Interfacial tension 0.073 N/m 143 kv mu 572

Magnetic plug
hydraphilicity
Magnetic force
at equilibrium
Experiment time

Contact angie: 0° Gre=-350

F=0.005 mulu/ts®
100 000 ts

poxVIH, XV )H =2 uN
200 ms

150 0,005 mu lu/tw? is initially applied to the right side of the
151 level F1 followed by another one of 0.01 mu lu/tu® at F2.
152 This field sequence is considered to acceptably reproduce the
153 experimental conditions in which lines of electrodes near
154 magnetic droplet (like E1-E2-E3 in Fig. 2} are successively
155 activated until a complete breakup of the droplet is obtained.
156 Fully periodic boundary conditions™ are imposed on all
157 sides of the computational domain. After the simulation is
158 initialized, a thermalization period of about 10 000 ts (1 ts
159 =1 LB iteration) is considered before the simulation starts
160 and the force field sequence F1-F2 is applied. The numerical
161 values of the parameters used in simulation are summarized
162 in Table I in correspondence with the related physical guan-
163 tities. On a shared memory supercomputer with quad-core
164 Itanium microprocessors at 1.5 GHz each, the simulation
165 time for the present droplet breakup is about ten central pro-
166 cessing unit hours.

167 IV. RESULTS AND DISCUSSIONS

168 The breakup of a magnetic droplet in EWOD-based mm-
169 crofluidic devices is shown in Fig. 2. The left colunm of this
170 figure contains top view images recorded with a high speed
171 camera during the experimental splitting process, whereas
172 the right column contains snapshots of the density field in the
173 computational domain during the numerical simulation. In a
174 first step, a positive voltage (90 V) is applied on the electrode
175 E1 [Fig. 1(a}]. The liquid droplet spreads on this electrode
176 but the magnetic beads are retained above the initial elec-
177 trode due to the magnetic field created by the permanent
178 magnet and an equilibrivim state with an eccentric magnetic
179 plug is obtaimed [Fig. 2{(b)]. The corresponding numerical
180 simulation in this figure is generated by applying a uniform
181 scalar field of 0.005 mu lu/ts® at each lattice cell represent-
182 ing a liquid point. This stable configuration can be used in
183 order to evaluate the minimum magnetic force required to
184 hold back the magnetic plug. For the superparamagnetic plug
185 and the permanent magnet used in this experiment, finite
186 element simulations of the magnetic field generated by the
187 permanent magnet suggest a retaining radial force of about
188 2 uN. Since the activation of one neighbor electrode is not

J. Appl. Phys. 105, 1 (2009)
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FIG. 3. {Color onfine} Experimental (open triangles) and numerical (full
circles) values of the liquid filament thickness {f) to magnetic plug diameter
() ratio at different stages of the breakup process starting with the applica-
tion of the field F, (stage b in Fig. 2). Time on the abscissa is normalized to
20 000 tu (iterations) for the numerical simulation and 25 ms for the ex-
perimental values.

enough in order to break np the magnetic droplet, the process 189

is continued by activating the electrodes E2 and E3 and de- 190
activating E1. In this process, the breakup of the droplet is 191
fully realized [Fig. 2(e)] by some intermediary steps in 192
which two smaller droplets are first linked by a very thin 1923
liquid filament [Fig. 2(c}] and then separated by the breakup 194
of this link [Fig. 2(d)]. The accuracy of numerical simulated 195
splitting process is evaluated by comparing total lengths (L) 196
of the droplets and filament thickness {¢) with experiments. 197
These two quantities are both normalized to the diameter of 198
the magnetic plug (D) and presented in Figs. 2 and 3 as 199
numerical values and graphical representations, respectively. 200
The agreement between numerical values of L in Fig. 2 is 201
very good except Fig. 2(e) where a noticeable difference of 202
about 18% with respect to the experiment is observed, This 203
difierence may be explained by the fact that in the EWOD 204
device the droplet remains stuck above the last activated 205
electrode (E3), whereas in the simulation, the liquid is al- 206
lowed to freely move even after the breakup. The accuracy 207
of the numerical model s furiher investigated by comparing 208
the thicknesses of the droplet along its transversal direction 209
at different splitting stages with the experiment (Fig. 3). A 210
good agreement is obtained if the simulation time is normal- 211
ized to 20 000 tu (iterations) and the real time to 25 ms. This 212
means that in this process, a lattice Boltzmann iteration cor- 213
responds to 1.25 us. It is worth mentioning that even the 214
eccentricity of the magnetic plug in the final equilibrium 215
state after the droplet breakup is well reproduced by the 215
present model. However, some differences between the 217
shapes of modeled and experimental droplets are observed 218
and are being attributed to (i) the finite size of the electrodes 219
in the real EWOD device and (ii} the use of a semi-infinite 220
force vector fields rather than fully three-dimensional (3D) 221
schemes for the electrowetting effect. 222
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223 v. CONCLUSIONS

224 We presented a L.BM-based numerical approach to the
225 splitting of magnetic droplets in EWOD-based microfluidic
226 devices. The simulation parameters able to accurately repro-
227 duce the dynamics of the breakup process are presented in
228 relation with their corresponding physical quantities. Since
229 the droplets in these microfluidic devices are extremely flat-
230 tened (the form factor is about 1:10), 2D numerical schemes
231 may give enough insight into the physical processes related
232 to transport, splitting, or merging droplets. The challenge in
233 using these 2D schemes instead of fully 3D models consists
234 of accurately implementing the actuation scalar fields gener-
235 ated by the activation of the metallic electrodes.
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