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Digitization of Two-Phase Flow Patterns in a
Microchannel Induced by an External AC Field

Abhinav Sharma,” Joydip Chaudhuri,” Vineet Kumar,” Seim Timung,” Tapas
Kumar Mandal“” and Dipankar Bandyopadhyay ™"

Externally applied alternating current (AC) electrostatic field can deform the interface of a pair
of weakly conducting liquids to engender droplet flow patterns inside the ‘T’ shaped
microchannels. The electrohydrodynamic stresses originating from the accumulation of free
and induced charges at the interface of the immiscible liquids stimulate the formation of
droplets with higher surface to volume ratio. Strikingly, the size, shape, and frequency of the
flow patterns can be tuned by varying the frequency and waveform of the external AC field.
The enhanced dielectrophoretic force at a higher field intensity and lower frequency of the AC
field facilitates the formation of droplets with smaller size and higher throughput. The size,
shape, and frequency of the droplets are also found to be functions of the ratio of the electrical
conductivity of the phases and the interfacial tension. The proposed methodology demonstrates
a non-invasive pathway to digitize the flow patterns inside a multiphase microfluidic device

with the help of an external AC field.

1. Introduction

Programmable digital microfluidics is poised to be the next
tipping point for diverse technological processes which include
the Dbio-analysis tools,”> MEMS devices,” microfluidic

%10 and advanced

systems,é'8 microreactors, theragnostic
devices.!""!® This is because, the discrete droplet flow patterns
brings in the unique advantages in, ultra-fast response time
owing to a higher throughput, availability of larger surface to
volume ratio for the energy, momentum and mass transfer,
superior control over the processes, and opening up the
possibility of multi-tasking.'”?? The scientific aspects owing to
the complex interplay between the dominant capillary and
frictional forces over the dormant inertial and gravitational
forces at the microscale have also attracted attention over the
years.”>?® Based on these factors, a number of intriguing
phenomena have been unveiled which include the synthesis of

29,30

micro-dispersions, fabrication of large-area interfacial

micropatterns,’'* formation of liquid vesicles for transport and

** rapid mixing at the microscale’ and microreactor

36

reaction,
technologies for particle synthesis.” The present focus is
directed towards the integration of the special features of the

digital microfluidics into the next-generation commercial

devices to improve the efficiency of the processes.>’*?
The digitization of the flow patterns by forming bubbles or

droplets of the conventional pressure-driven gas-liquid***® or
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liquid-liquid**-** flows inside the microchannels has been
investigated extensively over the past few decades. Recent
studies indicate that, the use of external field can be another
effective alternative to stimulate the flow patterns suitable for
digital microfluidics.>*° The external field can disrupt the
regular interplay between the capillary, inertial, gravitational,
and viscous forces in a microscale pressure-driven slug or plug
or stratified flow to produce droplets.®*”" The non-invasive
nature enables facile integration of this method with the
existing commercial devices without hindering the basic design
of the process.

The theoretical modeling of the dynamics of the multiphase
flows under the influence of an external electric field is also a
very challenging area of research because of the complexities
associated with the development of the ‘interface-tracking’
methodologies. A number of recent works have shown that the
Poisson’s equation for the electric field coupled with the Stokes
equation for the flow can be solved numerically to analyze the
experimental results on the -electrohydrodynamic (EHD)
breakup of droplets at the microscale.®®* The electric field
induced deformation of the drops having leaky dielectric,
perfectly dielectric, and constant charge properties have also
been investigated numerically employing the finite element or
finite volume techniques coupled with the volume-of-fluid
(VOF) or level-set (CLSVOF) method.®*%® Lattice-Boltzmann
method (LBM) is also employed to solve the entire system of
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transport equations for the two-phase systems.® Recent studies
reveal that the phase-field method can be another efficient
alternative to study these systems because it is computationally
less intensive while tracking the spatiotemporally evolution of
the deforming interfaces of the two-phase flows.”'®

However, most of the previous studies focus on the electric
field induced deformation of different two-phase stationary
configurations like droplets, slugs, or plugs. The studies related
to the influence of the external electrostatic field on the
evolving interfacial morphologies have received far less
attention.®>’® A very recent experimental study’ have shown the
pathways to generate droplets inside a
microchannel setup with the help of the non-invasive
alternating current (AC) electric field. Subsequently, a
computational work have demonstrated the strategies to
disintegrate the pressure-driven flow patterns into droplets with
the help of a localized direct current (DC) external electric
field.”
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Figure 1. Schematic diagram of the ‘T’ shaped microchannel. The alternating
current (AC) electric field is generated through the electrodes (anode and
cathode), placed 0.2 mm downstream from the T-junction of the channel. The
channel diameter d. = 0.1 mm, which is same as the electrode separation
distance.
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The present study shows a simple method to generate droplets
from an oil-water microflow with the help of an AC electric
field. Figure 1 schematically shows that when a localized AC
field is generated in the downstream of a ‘T’ junction
microchannel, the regular pressure-driven oil-water flow
patterns can transform into droplets. The variation in the
dielectrophoretic force at the interface of the phases with the
variation in the strength of the AC field helps in the digitization
of the flow patterns. Example situations are shown where a
pressure-driven stratified flow is converted into droplets by
tuning the frequency of the AC field, conductivity ratio of the
phases, and the interfacial tension. Remarkably, even the
waveform of the AC field is found to have a very strong
influence on the droplet generation and their miniaturization.
The proposed methodology shows a pathway to non-invasively
control the surface to volume ratio and throughput of the flow
patterns with the help of a localized electric field inside a
microfluidic device.

2. Problem Formulation

2.1 Governing Equations and Boundary Conditions
The flow of a pair of incompressible, immiscible and
Newtonian liquids inside a microchannel are governed by the
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following continuity and equations of motion,

V- u; = 0, (1)
p(u, +u; - Vu,) = =Vp; + V- (v, + M) + £, + pg. ()

In the equations, (1) and (2) the subscript ‘i’ corresponds to oil
(i = 1) and water (i = 2) phases. The notation u; denotes the
velocity vector, 7; is dynamic viscosity, p; is density, p; is the
pressure of the i liquid. The symbol over dot denotes the time
derivative and the vector g is the acceleration due to gravity
acting on the negative y direction for the geometry shown in the
Figure 1. The Newtonian stress tensor for the hydrodynamic
field is defined as, T; = 17;[Vu; + Vu!] and the Maxwell’s
stresses for the electric field is defined by the tensor, M; =
&0&i[Ei @ E; — 0.5(E; - E)I]. The surface tension force is
defined as, fg; = GV¢, a product of the chemical potential (G)
and the gradient of the phase field (¢), which is defined in the
following section.

In the absence of magnetic field, the irrotational (V X E; = 0)
electric field (E;) applied across the channel can be expressed in
terms of the potential function (V;) as, E; = —VV;. Replacing
this relation in the Gauss’s law for the purely dielectric
(V-&E; =0) and the leaky dielectric (V- o;E; = 0) leads to
the Laplace equation for the i fluid as,V2V; = 0, where &; is the
dielectric constant and o; is the conductivity of the i phase. For
purely dielectric fluids, the electrostatic force acting on the i
fluid is represented as,

1
fA=V-M; = —-&EfVe. 3)

For the leaky dielectric fluids, the electrostatic force acting on
the i fluid can be estimated from the divergence of the
Maxwell’s stress tensor as,

1
ff =V-M; = ——&E/Ve + q/E;. @)

Where, qy = V - (go€E;) is called the charge density and Ve is
the gradient of the dielectric constant across the interface. The
term qy can also be expressed as, £9(0E;) - V(e/0), after some
algebraic rearrangements.

We employed phase field method to track the interface.”” The
transport equation for this phase field parameter (¢) is,
b +u; -V = V- x(VG). )
The parameter ¢ acquires a value of -1 in water and 1 in oil.
The variable y captures the mobility of the interface and the
chemical potential is G = F'(¢) = A[-VZ¢p + ¢p(¢p? — 1)N?2.
The chemical potential is evaluated in terms of the free energy
functional, F(¢),as,

F($) = [, fror 40 = [, (F(¢) +321V?9|) dQ. ©)

In Equation (6), Q is the volume of the computational domain
and f;,; is the total free energy density, which is the sum of the
bulk energy or double well potential [f(¢) = A/4N?(¢p? —
1)?] and the surface energy. The mixing energy density is
expressed as, 1 = (3yN)/(2V2), in which y and N are the
interfacial tension and thickness of the diffused interface. The
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interfacial density (p), viscosity (x), permittivity (¢), and
conductivity (o), are evaluated in terms of ¢ with the help of
following rule,a = 0.5[a; (1 + ¢) + a,(1 — ¢)], where a can
be any of p, 7, €, and o.

The normal inflow velocity (v; = U) boundary condition has
been enforced at the inlets of the fluids and at the outlet, default
pressure with zero viscous stress boundary condition has been
enforced. The channel walls are considered to be wetting, non-
slipping, and impermeable. The equilibrium contact angle () of
an oil droplet resting on the channel wall and embedded inside
a water medium is set to 45° in the entire study. Constant
voltage boundary conditions have been enforced at the anode
(V; = V) and cathode (V;= 0).

2.2 Solution Methodology

(a) 0.9 mm 1

(b)

AN
A 4

Figure 2. Leaky dielectric droplet of diameter 0.3 mm is deforming under a direct
current (DC) electric field when the applied potential is 988 v.”® Image (a)
schematically shows the computational domain. Image (b) shows the
deformation of circular droplet into a prolate shape when E, = 0.5 and S, = 5.
Image (c) shows the droplet deformation to an oblate shape when E, = 60 and S,
= 5. Image (d) shows that when E, = 10 and S, = 5 the droplet remains
undeformed. Images (b), (c) and (d) are observed at, t = 0.032 s. The other
parameters employed for this study are, p,= 1, n,= 10, and y = 5.8 mNm™.

Figure 1 shows the two-dimensional (2-D) microchannel of
diameter (d.) 100 pm and length 1.45 mm. The 50 pm wide
electrodes at the 200 pm downstream of the T-junctionl
generate the AC electrostatic field. Grid independent solutions
have been achieved when ~7500 quadrilateral elements are laid
down in the computational domain. The COMSOL™ multi-
physics software has been used to solve the unsteady governing
equations (1) and (2) along with the boundary conditions. The
software employs the Galerkin least-square finite element
method to discretize the convective-diffusion equations. The
numerical stabilization of this solver has been achieved by
employing the streamline and crosswind diffusions alongside
using the second order elements for velocity and first order
elements for pressure gradient calculations. The velocity and
pressure profiles for the flow have been obtained by
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incremental pressure correction for the segregated predictor-
corrector method. The backward Euler scheme and the second-
order backward difference method are used for consistent
initialization, time-marching, and error minimization. The
average time step size has been observed to be ~10™ s for the
converged solutions.

Previous studies have shown that a jump in the EHD stress
across the liquid-liquid interface can lead to interesting shapes.
For example, Lin er al.” have shown that when both the fluids
are leaky dielectric, a spherical droplet can deform into a
prolate or an oblate shaped spheroid under the influence of an
external electric field based upon the ratio of the dielectric
constants, E, = Egispersea/Emeaium » and the ratio of the
conductivity, S, = Sgispersed/Smeaium Of the fluids. Figure 2
shows the typical geometry for validating the results from the
literature for the geometry shown in the image (a).”> Figure
2(b) shows that a perfectly round droplet deforms into prolate
shape when E, = 0.5 and S, = 5, whereas Figure 2(c) show that
the same droplet under exactly the same conditions deforms
into an oblate shape when E, = 60 and S, = 5. However, for E, =
10 and S, = 5 almost no deformation was observed as can be
seen in the Figure 2(d). Concisely, Figure 2 confirms the
accuracy of the software used in this work in simulating the
EHD multi-physics employing the two-phase systems.

3. Results and discussion

The pressure-driven multiphase flows inside the microchannels
can lead to stratified, slug, plug, droplet, or core-annular flow
morphologies with the variations in the flow ratios of the
phases at the inlet. In such cases, it is now well understood that
the droplet flow patterns appear only for a specific window of
flow ratios of the incoming phases.’******7 Qver a period of
time, this particular aspect has limited the usefulness of the
pressure-driven droplet microfluidics for different kinds of
applications. Certainly, a more desirable situation is to have
droplet flow patterns for the full range of inlet flow rates of the
phases. In this direction, application of the external fields can
be simple and efficient alternative, which can convert any type
of the pressure-driven flow patterns into droplets.”6%7%7
Transformation of other flow patterns into droplets not only
increases surface to volume ratio for larger mass, heat, or
momentum transfer, but also helps in developing miniaturized
devices with a higher throughput because the droplets pass
through the channels at a much faster rate.*"®? In the present
study, we employ a simple non-invasive strategy to produce
droplets inside a ‘T’ shaped microchannel with the help of a
localized alternating current (AC) electric field. It may be noted
here that all the ratios reported for the physical or flow
properties (p,, €. 4,, 0,, and Q) are considered as, a, = a,/a,,
where a can be any of p, 7, &, and o. The typical values
employed in the simulations for the physical properties of oil
and water are, ¢, = 2.2/80 = 0.0275, 5, = 0.01 Pas /0.001 Pas =
10, o, = 4x10° Sm™'/10 Sm™ = 0.004, p, = 1000 kgm>/1000
kgm>=1, and O =v, /v, =0.1.
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Figure 3. Image sets (a) and (b) shows the variation in the flow morphologies
with the frequency (f) of the applied AC voltage for purely dielectric and leaky
dielectric fluids, respectively. In both the image sets the frame (i) shows the
steady state pressure-driven flow pattern whereas the frames (ii) — (v) the flow
morphologies at steady state with the AC field. Image sets (c) and (d) shows the
change in the flow patterns with the conductivity ratio (o,) and interfacial
tension (y). Other parameters taken for this study are, y = 5.8 mNm™ (image sets
a, b, and c), 8 = 45°, £, =0.0275, p, = 1, n, = 10, o, = 0.004 (image sets b and d), ¥
=3 MVm™, and Q=0.1. The frequency (f) of the applied AC voltage for the image
sets (c) and (d) are 1 kHz and 5 kHz, respectively. The darker-blue (lighter-red)
shade shows the water (oil) phase.

y=2.8 mNm"

Figure 3 shows a few cases where an externally applied AC
filed breaks down a pressure driven flow pattern into droplets.
Figures 3(a) and 3(b) show the influence of frequency (f) of
the applied AC electric field when the phases are purely
dielectric and weakly conducting, respectively. Frame (i) in
these two image sets show the steady-state pressure-driven flow
patterns when water (oil) enters horizontally (vertically) inside
the channel. In general, we employed sinusoidal waveform in
the simulations for the AC field unless mentioned otherwise.
Frame (ii) in these images show that under the influence of a
localized AC electric field the stratified flow patterns can
transform to droplets at a peak voltage of 150 V with /= 10

kHz. The system shown in this frame resembles the
configuration shown in the Figure 2(b) where a liquid droplet
with lower dielectric permittivity and higher electrical

conductivity is exposed to an external electrostatic field inside a
medium of higher dielectric permittivity and lower electrical
conductivity. Frame (ii) in Figure 3(a) shows that, in such a
situation, the dielectrophoretic force (Fpgp) at the interface
originating from the external AC field elongates the oil phase
vertically in the y-direction to form an ‘oil plug’ at the zone
where the electrodes are placed. In consequence, the elongated
oil-phase experiences a thrust from the inlet flows, which helps
in producing the droplets. The droplet pinches out off the
mainstream due to the collective destabilizing influences
originating from the stresses due to the external AC electric
field and the capillary force, undergoing Rayleigh instability.

Importantly, the frames (iii) — (v) in the Figure 3(a) show that
when both the fluids are purely dielectric (0y= 0, =0, g, = 2.2
and &, = 80) the flow pattern remains almost unaltered as f'is
progressively reduced from 10 kHz to 0.22 kHz. In contrast,
when the fluids are considered to be weakly conducting (g, =

4| J. Name., 2012, 00, 1-3

2.2, &= 80, 0y = 4x10° S/m, and g, = 107 S/m) in Figure
3(b), frames (ii) — (v) show a progressive reduction in droplet
size and increase in f from 10 kHz to 0.22 kHz. Further, Figure
3(c) and 3(d) depict the flow morphologies with the variation in
the conductivity ratio of oil to water (o, = 0,/0,) and oil-water
interfacial tension (y), respectively. The frames (i) — (iv) in the
Figure 3(c) depict that the increase in o, can enhance the EHD
stress across the interface to reduce the droplet size inside the
channel. The frames (i) — (iv) in the Figure 3(d) show that the
reduction in y can cause a net reduction in the stabilizing
influence at the interface, which can enforce drop formation
much more easily. Concisely, the Figure 3 shows a simple
method to transform a pressure-driven stratified flow into
droplets under the influence of an external AC electric field.

30
0

2.5

5 5 7.5 10
£/ kHz

Figure 4. The plot (a) shows the variation in interfacial contact length (L; — right
side of y-axis) and the frequency (Dy — left side of y-axis) of the flow patterns
passing through the outlet when the frequency (f) of the applied AC electric field
is altered. The plot (b) shows the variation of the dielectrophorectic force (Fpep)
acting on a spherical liquid droplet of diameter 80 um surrounded by conducting
dielectric medium inside the electrode region with the variation of frequency (f)
of the applied AC electric field. Plot (c) shows the variation in L; (right side of y-
axis) and Dy (left side of y-axis) with o, for an AC voltage with frequency of f=1
KHz. Plot (d) shows the variation in L; (right side of y-axis) and Dy (left side of y-
axis) with capillary number (Ca) for an AC voltage with frequency of f = 5 KHz.
Plot (e) shows the variation of droplet diameter (d,) with the frequency (f) of the
applied AC voltage. The other parameters employed for the plots are, ¥ = 3
MVm™, 8 = 45°, g, = 0.004 (plots a, b, d and e), y=5.8 mNm™ (plots a, b, cand e),
£,=0.0275,p,=1,n,=10,and Q=0.1.

Figure 4 shows the sensitivity of with f, o,, and capillary
number (Ca) reported in Figure 3 on the surface to volume ratio
and the throughput of the flow patterns. Here Ca = pu,/y is
defined for the dispersed oil phase in which u; = 0.025ms™, is
the oil velocity at the inlet. In these plots, the cumulative length
of the interfacial contact between oil and water (L; — triangular
symbols, broken line, plotted in the right y-axis) is a measure of
the total available interface for heat or mass or momentum

This journal is © The Royal Society of Chemistry 2012
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exchange. The frequency of the flow patterns at the outlet (D, —
square symbols, solid line, plotted in the left y-axis) is a
measure of the throughput. The parameter L; is calculated as the
total length of the oil-water interface at the downstream of the
electrodes, which is equal to the product of the number of
droplets (or flow features) at the downstream of the electrodes
with the perimeter of each droplet (or flow feature). Figure
4(a) shows that D, increases significantly with reduction in f
whereas, L; initially reduces and then increases with the
reduction in f below 5 kHz. The variation in the droplet size
with f can be explained through a simple correlation shown
below, which corresponds to the variation of the
dielectrophoretic force (Fpgp) on a spherical drop of radius r
when exposed to an external AC electric field.®

. L 2
(Fpgp) = 2mr3e,,Re {82p+2£;;n}v|Erms| : @)
Here the notations & and &5, are the complex permittivities of
the droplet and the surrounding medium and the complex
dielectric constant is defined as, €* = € + (io/f). Here € is
the dielectric constant, o is the electrical conductivity, f is the
field frequency, Re denotes the real part of the variable,
and i denotes the imaginary unit. Figure 4(b) shows the Fpgp
acting on the interface of a droplet due to applied the AC field
is larger when f'is lower. Thus, for the system considered in the
present study, it can easily be envisaged that, in the region
where the electrodes are placed, a larger Fppp at the interface
originating from a lower f is responsible for creating the
droplets of smaller size and higher frequency. The changeover
of the droplet size and frequency with f has already been
depicted in the frames (ii) — (v) in the Figure 3(b). Figure 4(c)
shows that D, and L; both increase with an increase in the
conductivity ratio g, of the fluids. Again, a larger Fprp with
increase in o, causes the reduction in the droplet size and
increase in its frequency. Figure 4(d) shows that with increase
in the magnitude of Ca (decrease in ) the stabilizing influence
at the interface weakens against the destabilizing electric field
force. This leads to the formation of smaller droplets and
increment in both L; and D,. Further, Figure 4(e) shows that
with increase in AC frequency the size of the droplet reduces
owing to the reduction in Fpgp, as shown in the Figure 4b. This
is also evident from equation (7) that the complex permittivity
decreases with increase in f, which eventually lowers the Fpgp
to create droplets of bigger size.

Figure 5 shows the influence of the different waveforms of the
AC electric field on the pressure-driven flow morphologies. For
this purpose, four different types, namely, sine, saw-tooth,
smoothed square, and triangular waveforms are chosen, as
shown in the images (a) — (d) in the column I of Figure 5. The
figure suggests that at a peak voltage of 150 V and frequency of
5 kHz, the droplet size and frequency can be tuned simply by
changing the waveform of the AC field. The flow morphologies
in the images (a) — (d) of the column II of Figure 5 suggest that
with the variation in the waveform the droplet size can reduce
drastically. The drop size is found to be almost 5 times smaller

This journal is © The Royal Society of Chemistry 2012
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in the triangular waveform as compared to the sine waveform,
as shown in the images (a) and (d). Column III in the Figure 5
shows the oil-water interface (the solid lines) near the electrode
region in which the grayscale contours show the magnitudes of
the electric field force per unit volume (MNm™) because of the
electric field.

S ‘ r?o.u
(a) ok \\ 0.094+ ! 1.28
B 1| N — e A
(b) ok £ 33.0 90.7)
150 | 28.7
150 [ 12.0
(C) " 18.7 <+— 2»195.0
aso—2_ V| t 138
£} s ey s e T>19.4
V(v
@' , 23.7._)272.0
el o215
-150 - -
Waveform
Figure 5. Images (a) — (d) correspond to the sinusoidal, saw-tooth, smoothed

square and triangular waveforms, as shown in the column I. Column Il shows the
change in the flow morphologies with the variation in the waveform. Column I
shows the oil-water interface (the lines) near the electrode region in which the
grayscale contours show the magnitudes of the force because of the electric field
from the simulations. Darker shades in the grayscale indicate a region with
higher force. The numbers on the images show some typical magnitudes of the
force in MNm™ in the locations where the tail of the arrowheads are situated.
Plot (e) shows the variation in droplet diameter (d,) with different AC
waveforms. The corresponding waveforms are shown above its respective bars.
Other parameters employed for the plots are, 6 = 45°, €, = 0.0275, n, =10, p, = 1,
o, = 0.004, ¥ =3 MVm'l, f =5 kHz, and Q = 0.1. The darker-blue (lighter-red)
shade shows the water (oil) phase.

It may be noted here that the divergence of the Maxwell’s stress
tensor, as shown in the Equation (4), provides the total electric
field force per unit volume at a particular location inside the
electrode region. The typical values of the electric field force in
the column III of Figure 5 are calculated by computing the x-
and y-directional components of the total electric field force per
Darker shades
grayscale indicate a region with higher electric field force per

unit volume from the simulations. in the
unit volume. The numbers on the images show some typical
magnitudes of the electric field force per unit volume in the
locations where the tail of the arrowheads are situated. The
contour and the magnitudes of the electric field force per unit
volume suggest that the difference in the horizontal component
(x-direction) of the electric field force per unit volume near the
pinch off zone increases with the change in the waveform. For
example, in the sinusoidal waveform in the image (a) the
difference is around 1.186 MNm™ (1.28 MNm™ — 0.094 MNm"
%) whereas for the triangular waveform the difference increases
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to 248.3 MNm™ (272 MNm™ — 23.7 MNm™). In comparison,
the difference in the magnitude of the vertical component (y-
direction) of the electric field force per unit volume near the
pinch off zone remains minimal in all the cases although the
magnitude changes considerably with the waveform. The force
contours suggest that the significant variation in the horizontal
component (x-direction) of the electric field force per unit
volume near the pinch off zone is responsible for the variation
in the size of the droplet with the waveform of the AC field.
Figure 5(e) shows the variation of droplet diameter (d,) with
applied AC waveforms. The plot clearly suggests that the
droplet diameter decreases as the waveforms are changed. The
change in the droplet size with waveforms can be attributed to
the variation in the corresponding Fpgp, as shown in the contour
plots of the column III.

4. Conclusions

The dielectrophoretic forces originating from the externally
applied AC electric field deforms the interface of a pair of
weakly conducting liquids to engender droplet flow patterns
inside microchannels. The present study shows that size, shape,
and frequency of the droplets are functions of the frequency and
waveform of the AC field. The variation in the electric field
stress at the interface with the frequency and waveform of the
AC field facilitates the formation of droplets with smaller size
and higher throughput. The variation in the frequency and the
waveform of the AC electric field are found to be more
effective in generating the droplets when both the liquids are
weakly conducting than when they are purely dielectric in
nature. Since the reported field intensities are of rather
moderate in magnitude, the flow patterns are expected to be
even smaller with increase in the applied field intensity. The
proposed non-invasive pathway to digitize the flow patterns
inside a multiphase microfluidic device can help in the
development of next-generation microfluidic devices of smaller
size and higher throughput.
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