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This study reports the first comprehensive investigation of separation of the immiscible phases of multiphase droplets
in digital microfluidics (DMF) platform. Electrowetting-on-dielectric (EWOD) actuation has been used to mechanically
separate the phases. Phase separation performance in terms of percentage residue of one phase into another phase
has been quantified. It was conceived that the residue formation can be controlled by controlling the deformation of
the phases. The larger capillary number of the neck forming phase is associated with the larger amount of deforma-
tion as well as more residue. In this study, we propose two different ways to control the deformation of the phases. In
the first method, we applied different EWOD operation voltages on two phases to maintain equal capillary numbers
during phase separation. In the second method, while keeping the applied voltages same on both sides, we tested
the phase separation performance by varying the actuation schemes. Less than 2% of residue was achieved by both
methods, which is almost 90% improvement compared to the phase separation by the conventional droplet splitting
technique in EWOD DMF platform, where the residue percentage can go up to 20%.
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Introduction

In recent years, solvent extraction and partitioning pro-
cesses have been miniaturized into lab-on-a-chip devices
due to their favorable position in terms of better mass
transfer efficiency, higher specific interfacial area, and
the lower consumption of reagents compared to clas-
sical macroscale approaches [1]. Liquid-liquid micro
extraction processes have been performed for separa-
tion and partitioning of cells, proteins, molecules, and
ions in various applications [2—-8]. These processes utilize
the interface between two immiscible liquids. Typically,
one is aqueous phase and the other often comprise of
organic solvent, another immiscible aqueous phase (e.g.
aqueous two-phase system), oil or ionic liquid. Follow-
ing the solvent extraction, the two immiscible phases are
separated in order to retrieve the extracted substance.
Until now, phase separation has been achieved by add-
ing surfactant [9], by using structured microchannels
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with differing wettability [10], by surface treatments
[8, 11-13] or by combining several techniques [14, 15].
Most of these methods utilize laminar parallel flows in
microchannels. A laminar flow helps to maintain a sta-
ble interface between two liquids, however, it limits the
interfacial area, thus hinders mass transfer rate, which
poses the major challenge in these technologies. Instead
of a laminar parallel flow, multiphase (e.g., double emul-
sion) droplet flows in a microchannel can be used and
phase separation can be achieved by breakup of a mul-
tiphase droplet [16—23]. Since these technologies involve
droplets in continuous micro channel environments or
in a linear or extensional flow field in a viscous medium,
the knowledge gained from these studies is not transfer-
rable into electrowetting on dielectric (EWOD) digital
microfluidic (DMF) platform. Compared to microchan-
nels, EWOD DMTF offers various advantages such as high
flexibility, reconfigurability, and freedom from moving
parts such as pumps, valves, tubing, etc. [24-26]. Wijet-
hunga et al. [27] used EWOD DMEF to combine the two
immiscible liquid phases to form a droplet before extrac-
tion and to separate the phases after extraction. Fan et al.
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[28] demonstrated phase separation using EWOD split-
ting technique. But none of these studies addressed the
issue of the partial recovery of the extracted material
due to incomplete separation of the phases which is an
inherent issue of multiphase droplet splitting. In order
to transform EWOD DMEF into a suitable candidate for
many of the applications involving multiphase droplets,
a robust phase separation technique needs to be estab-
lished exclusively.

This present study is the first one to focus explicitly on
the mechanism of phase separation of a multiphase drop-
let. Additionally, we aim to suggest some technical guide-
lines to achieve better separation efficiency with minimal
residue.

Theoretical backgrounds

Thermodynamically, multiphase droplets prefer to
remain at the phase equilibrium state with the minimum
free energy configuration. This means that the state of
two separated droplets is only favored when both liquids
have smaller interfacial tensions than the third surround-
ing medium [22, 23]. Therefore, core—shell or partially
engulfed multiphase droplets do not readily separate
phases and they require additional force to do so. In an
EWOD DMEF, additional capillary forces such as wet-
ting and de-wetting forces can be exerted on multiphase
droplets so that they may separate their phases.

Before looking into phase separation process, let’s
revisit droplet splitting process in an EWOD DMF device
[29-31] where a droplet is sandwiched between two par-
allel plates. The mechanism of droplet splitting is shown
in Fig. 1.

The droplet is initially positioned in such a way that it
covers two activated electrodes (Fig. 1a(i)). Due to initial
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wetting, the droplet takes the shape of two central elec-
trodes and remains at equilibrium. Then two side elec-
trodes next to the droplet are switched on while the
central electrodes are switched off. As the droplet menis-
cus sees the activated electrodes, it is pulled toward them
with a net wetting force acting on the longitudinal direc-
tion. As a result, the droplet is stretched in that direction.
As more liquid flows towards the active electrodes, the
amount of liquid at the middle keeps decreasing due to
mass conservation. Simultaneously, on the middle elec-
trodes surface, the contact angle of the liquid restores to
hydrophobic state and the droplet starts to de-wet the
surface (Fig. la(ii)). This results in pulling of the drop-
let meniscus inward (i.e., transversely) and the middle
part of the droplet becomes narrower. The narrowing of
the droplet is called “necking” Necking continues until
droplet menisci meet each other so that the neck breaks
at the pinch-off point (Fig. la(iii)) and the single drop-
let splits into two daughter droplets. Typically, with the
same voltage application at both sides, a single-phase
droplet splitting is a symmetric process such that two
daughter droplets have approximately less than 1% vol-
ume differences [30]. This volume difference is due to
hydrodynamic (e.g., Rayleigh-Taylor) instability which
may be induced by the surface roughness or other ran-
dom irregularities on the interface. While there are many
reports regarding droplet splitting in DMF [29-32], a few
of them discuss about asymmetric splitting [30, 31].

In principle, phase separation can be performed
by conventional droplet splitting techniques includ-
ing EWOD as shown in Fig. 1b. When wetting forces
are applied to two sides, the droplet is longitudinally
stretched and transverse necking starts (Fig. 1b(ii)). But
the necking location and the interface position do not
align with each other. Therefore, after pinching-off, some
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residue is left in one of the phases (Fig. 1b(iii)). Unlike
single-phase droplet splitting, phase separation is inher-
ently an asymmetric process. All the factors causing
unequal splitting are deduced into one observable effect:
unequal deformations of two phases. Therefore, in this
study, we intended to control deformation using two dif-
ferent strategies to reduce the asymmetry in phase sepa-
ration in order to control the amount of residue. This is
discussed below:

i. By keeping equal capillary numbers

Capillary number (Ca = ul /o) is a dimensionless num-
ber that estimates the relative strength of the surface
tension force and viscous force. Here, o is the surface ten-
sion, u is the dynamic viscosity and U is the velocity of
a fluid. In microfluidics, capillary number is often used
to estimate the extent of deformation of fluid segments.
A high capillary number is related to a large amount
of deformation and vice versa. During splitting, neck-
ing is necessary which means that the droplet has to be
deformed. Now if both sides of the droplet deform simi-
larly, meaning that the profile of the droplet footprint on
both sides of the neck is similar, splitting happens to be
almost symmetric. By keeping capillary numbers equal
on both sides, the same extent of deformations in both
sides are expected. Many previous studies tried to esti-
mate the droplet velocity in EWOD DMF [33-36]. Espe-
cially, Baird et al. [33] proposed a simplified model to
approximate droplet steady-state velocity by neglecting
viscous drag from the filler medium and the contact line
friction. According to this formulation, droplet velocity
during EWOD actuation is given as follows:

VZh

u==cC
24uL )

where C is the system capacitance (mostly provided by
dielectric layers), V is the applied voltage, h is the channel
height (i.e., the gap between two parallel plates), and L is
the characteristic length of the system. Substituting fluid
velocity into capillary number gives:

V2h
240L

Ca=C (2)

Now, if we have two fluids, namely fluid 1 and 2 form-
ing a multiphase droplet undergoing separation process,
their capillary numbers should be in the same range to
keep their deformation close to each other. In other
words, the following condition:

v 2
gZ;:( I/Vz) ~1 3)
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should be maintained. Note that since both fluids run
in the same device, C, h, and L are same for both fluids.
Therefore,

2
(-2
2 02

This means that for a given multiphase droplet, to keep
capillary numbers of both phases equal, unequal voltages
should be applied depending on the ratio of their surface
tensions. For example, for a water-ionic liquid multiphase
droplet, applied voltage on water side should be 1.2 times

higher than that on the ionic liquid side (% = (%) ) .

ii. By directly controlling the deformation

Another way to obtain symmetric splitting of multiphase
droplet is by directly controlling the deformation of both
phases so that their morphologies remain equal in spite
of having different fluid properties. We discussed droplet
deformation in our previous publication [36]. As shown
in Fig. 2, during a droplet transition from a deactivated
electrode to adjacent activated one, the droplet deforms
because of the interplay between two oppositely directed
forces [i.e., longitudinal wetting forces (f,,) and trans-
verse de-wetting forces (fy,,)]. Therefore, by minimiz-
ing the overlap of droplet footprint with any deactivated
electrode, deformation can be minimized. For square
electrodes (Fig. 2a), where a droplet has to travel a dis-
tance equal to one electrode width in one sequence, the
droplet has the freedom to deform within that distance.
By shortening the electrode width (Fig. 2b), the freedom
is restricted and the droplet meniscus is confined within
the electrode boundary at each sequence. Therefore, the
droplet is forced to experience less deformation [36]. So,
we hypothesize that using the slender shape of electrodes
in a manner that each phase is confined equally will
achieve symmetry in separation. This is a unique feature
of EWOD system where deformation can be controlled
in a digitized manner, which is impossible to achieve in
continuous microfluidics. Based on our hypothesis, we
are proposing different actuation schemes which will be
discussed in detail in upcoming sections.

Experimentals

Device fabrication

All EWOD devices were fabricated in Shimadzu Insti-
tute Nanotechnology Research Center at The University
of Texas at Arlington. Device fabrication steps are shown
in Fig. 3. Conductive layer (either indium tin oxide or
chromium) coated on glass substrates was patterned by
wet etching and dielectric layer (SU-8, 5 um) and hydro-
phobic layer (Teflon, 300 nm) were spin-coated on top
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Droplet Motion

Fig. 2 A droplet during transition from a grounded electrode to an activated one (top view). Activated electrode is indicated in red. Electrowetting
force, f,,, (black arrows) and dewetting force, f4.,, (white arrows), on the triple point contact line are shown. a Droplet transition on square shape
electrodes. b Droplet transition on rectangular electrodes with short width
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and oven baked. The detail description of the fabrication
steps can be found in Additional file 1: S1. Slender shape
electrodes were fabricated [36] to perform separation
tests. L-junction reservoir designs were used to ensure
accuracy and consistency in droplet generation [30].

Materials and device operation conditions

To form a multiphase droplet, two immiscible liquids—
water and ionic liquid (1-butyl-3-methylimidazolium
hexafluorophosphate ([bmim][PF6])) were used. The
gap between top and bottom plates of devices was kept
at 100 um for all cases. A voltage of 110 V and/or 130 V
at 1 kHz frequency were applied. To provide different
voltages, two voltage generators with separate amplifiers
were used.

Test steps

A partially engulfed multiphase droplet was formed by
merging a water droplet with an ionic liquid (IL) drop-
let. Two separate reservoirs were used for generating the

droplets as shown in Fig. 4a. After generation, each drop-
let was taken to the middle portion of the device to merge
with the other droplet (Fig. 4b, c¢). Multiphase droplets
were spontaneously created and remained there until the
next operation. Different actuation schemes were used to
separate phases of a multiphase droplet. Details of actua-
tion schemes are described in “Results and discussions”
section.

Data acquisition and analysis

During the tests, videos of droplet motion were recorded
using Hirox KH-1300 digital microscope system. Later,
images were extracted from videos and the footprint
area and the velocity of each phase were measured using
Image] software (NIH). The volume of each phase was
estimated by multiplying the footprint area by the height
of the channel. Residue volume is calculated as a percent-
age of the volume of the second phase in the primary
phase after the phase separation.

Bottom plate

Patterning electrode by UV photolithography
and wet etching

Spin-coating dielectric layer (SU-8)

Spin-coating hydrophobic layer (teflon)

Fig. 3 Fabrication process of an ENWOD DMF device (side view)

Cover plate
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Fig. 4 Steps of an experiment: a generation of water and ionic liquid (IL) droplets from each reservoir, b merging the generated droplets, and c the

Results and discussions

Tests were performed addressing the two hypotheses
regarding controlling deformation that we derived in
“Theoretical backgrounds” section. First, different volt-
ages were applied to achieve equal capillary numbers for
both phases. Second, various splitting schemes in order
to directly control deformations were introduced and
tested.

Case 1: Different applied voltages

In this case study, EWOD device with conventional
square shape electrodes were used and tests were run
to compare the effect of applied voltages. Phase separa-
tion was performed by pulling a multiphase droplet from
opposite directions as voltages were applied to two side
electrodes next to the droplet. When the same voltages
were applied, the front of IL phase moved three times
faster than that of water because of differences in prop-
erties of the two fluids. Therefore, IL deformed more
than water during transition as predicted by its higher
capillary number (Ca,;~107* to 107® and Cay ~1072
to 1073). As seen in Fig. 5a(i and ii), compared to the
water phase, IL phase responded faster to the applied
force and proceeds quickly towards the active electrode
(to right). In the meantime, the water phase remained
almost still with negligible deformation. Within a very
short period, the IL phase deformed enough to form a
neck (Fig. 5a(iii)). All the while the water phase remained
unmoved. The neck kept thinning because of the pull-
ing force and finally pinched off at an off-center position
away from the interface. The multiphase droplet was bro-
ken into two parts with a large amount of IL residue on
the water phase (Fig. 5a(iv)).

Interestingly, when the process was repeated with dif-
ferent applied voltages on two sides, we observed a dif-
ferent scenario. Voltages of 130 V and 110 V were applied
on water and IL side, respectively. As seen in Fig. 4b(i
and ii), both water and IL phases were moving at similar
paces and their profiles were quite similar, which means
they deformed in the same manner. Consequently, the
amount of IL residue in the water phase was significantly
less as shown in Fig. 5b(iv).

Percentage residue is plotted in Fig. 6. Each column
shows the average from at least 4 tests. In each test, newly
generated water and IL droplets were merged to form
a fresh multiphase droplet. It is obvious from the figure
that, when we applied the same voltage, the phase sepa-
ration performance was poor as an average of approxi-
mately 17% residue of IL was left on the water. The
performance improved greatly by applying unequal volt-
ages to phases as the residue amount reduced to 2.37%.

Case 2: Actuation schemes

In this case study, the device was operated with a sin-
gle voltage (110 V) to compare the effect of actua-
tions schemes. Figure 7 lists actuation schemes tested
in this study. Conventionally, droplet spitting has
been performed by using square shaped electrodes
and transition distances are always even multiples of
the dimension of one square electrode. So, we con-
sider this our reference and term it as “SQ” scheme
(Fig. 7a). For other schemes, slender shape electrodes
were used. Here, the width of a slender electrode is one
fifth of the width of a square electrode. Schemes using
slender electrodes are termed “SL” (Fig. 7b, c). In the
beginning of SL1 scheme, two electrodes in the middle
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Fig. 6 Percent residue comparison for cases of same applied voltage
and the different applied voltages. Error bars represent standard
deviations

of the droplet were turned off while one electrode on
each side of the droplet were turned on. In next step,
two additional electrodes in the middle were turned off
and one at each side were turned on. We defined SL2
schemes where four electrodes were turned off in the
middle and two electrodes are turned on each side in
each sequence. Sequences repeated until the droplet
pinch-off occurs.

The use of slender electrode actuation highly con-
strains the droplet morphology [36] during transi-
tion regardless of difference in velocities of phases, as
well as unequal capillary numbers. As seen in Fig. 8a,
SQ scheme allowed both phases to elongate over a
long distance in one sequence so that the chance for
hydrodynamic instability to play a role in asymmet-
ric positioning of the “separation point” was high. On

the other hand, due to the smaller transition distance
of SL1 scheme (20% of SQ scheme), the morphol-
ogy of each phase was constrained by the boundary of
activated electrodes. Therefore, deformations of both
phases were more symmetrical regardless of differences
in velocities and capillary numbers. The effects are
obvious in Fig. 8b for SL1. The amount of residue was
significantly less compared to the case of SQ scheme.
As expected from the above reason, the result of SL2
scheme test (Fig. 8¢) presents a residue amount smaller
than that of SQ. The experimental video of separation
using SL1 and SQ schemes are presented in additional
file 2 and 3, respectively. It is evident that the different
schemes were able to provide ways to vary deformation.

From this speculation, we introduced another type of
schemes where one phase was kept still in its initial posi-
tion so that its meniscus was forced to conform to the
electrode shape and deformation was minimized. As
shown in Fig. 7d—g, four additional schemes—IL fixed-
SQ, IL fixed-SL1, Water fixed-SQ and Water fixed-SL1—
were tested.

When both phases moved, IL was the more deform-
ing phase. However, when IL was fixed at the initial
position by EWOD force (Fig. 9a), it deforms less than
water phase. As the water phase moved further, the neck
occurred and pinched off in the water phase as leaving a
little water residue in the IL phase. On the other hand,
when water was fixed (Fig. 9b), IL deformed significantly
as it moved, and it left huge residue in the water phase
after the pinch-off. While IL-fixed scheme improved sep-
aration performance significantly in SQ, it did not make
much difference in SL1. Unlike the simple SL1 (Fig. 8b),
water deformed more in IL-fixed SL1 (Fig. 9c), however,
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Fig. 7 List of actuation schemes tested in this study. The first row of each scheme illustrates the initial multiphase droplet placement. The activated
electrodes are colored in red while the grounded electrodes are colored in gray

the amount of water residue to IL is similar to IL residue
to water in SL1.

In summary, we have Fig. 10 to understand the effects
of different schemes on residue formation. Each column
represents the average value of the residue percentage
from 12 tests for a particular scheme. As shown in the
figure, the first three columns are for the cases in which
both phases were pulled in opposite directions. As pre-
dicted earlier, SL1 resulted the least residue (1%) followed
by SL2 (2.7%) and SQ had significantly larger amount of
residue (17%) than the others. It should be noted that, if
we go from SL1 through SL2 to SQ, not only the residue
but also the standard deviation increases. This means that
by using SL schemes, droplet behaviors are more predict-
able and deterministic. Whereas, with SQ schemes, the

uncertainty from hydrodynamic instability increased.
The last four columns in Fig. 10 are data from tests with
one phase fixed. The trends observed for the first three
columns still hold true. That is using SL schemes (i.e., IL
fixed-SL1 and Water fixed-SL1) is associated with less
residue than using SQ schemes (IL fixed-SQ and Water
fixed-SQ). In addition, there were prominent differences
between IL fixed-SQ and Water fixed-SQ. However, the
effect of having one phase fixed is not significant in SL
schemes. As shown, both IL-fixed SL1 and Water fixed-
SL1 resulted in very similar amount of residue with SL1,
which can be seen in comparison of Figs. 8b and 9c. This
is because SL schemes are inherently very restrictive so
that keeping one phase still does not make it significantly
more restrictive. Whereas, in SQ scheme, forcing more
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Fig. 8 Profiles of droplet deformation during the phase separation process. a SQ scheme, b SL1 scheme, and ¢ SL2 scheme
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Fig. 9 Profiles of droplet deformation during the phase separation process. a IL-fixed SQ scheme, b water-fixed SQ scheme, and c IL-fixed SL1
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deforming phase (i.e., IL) to be still effectively minimizes
deformation which might be otherwise significant.

Conclusions

In order to reduce the residue formation during
mechanically separating phases of a multiphase drop-
let, we proposed two strategies: (1) keeping capillary

numbers of the two phases equal to each other, and
(2) directly restricting the two phases to deform simi-
larly. For the first method, we applied different voltages
to phases according to their surface tension ratio. For
the second method, we introduced different electrode
operating schemes in which droplet deformation was
restricted to vary for the two phases within an accept-
able limit. Both methods resulted in the decrease of the
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residue after phase separation by 90% compared to the
results from the conventional droplet splitting method
using square electrodes and a single operation voltage.
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