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Introduction

Many applications for lab on a chip (LOC)
devices require the use of two or more
fluids that are either not chemically re-
lated (e.g. oil and water) or in different
phases (e.g. liquid and gas). Utilizing
multiphase flow in LOC devices allows
for both the fundamental study of mul-
tiphase flow and the development of novel
types of pumping, mixing, reaction, sep-
aration, and detection technologies. Cur-
rent examples of multiphase microfluidics
applications include inkjet printers,*”
separation of biochemical samples,®
manipulation of biomolecules,” bio-
sensing,® enhanced mixing for bio-sample
reactions,>'* biomolecule detection,! mi-
croelectronic cooling,”> drug delivery
devices,'*!* explosives detection,'s dairy
analysis,'**® bubble computing® and anal-
ysis of emulsions, foams, and bubble
coalescence.? In this focus article, we will
briefly review the basics of multiphase flow
with reference to microfluidic systems,
describe some of the most promising flow
control methods for multiphase fluid sys-
tems, and discuss our thoughts about fu-
ture directions of microfluidic multiphase
flow.

Interfacial forces and the
capillary number

Multiphase flow can be loosely defined
as the flow of immiscible fluids in one
device. Therefore, an interface will be
present, which implies various intermolec-
ular forces acting on the interface, char-
acterized by the interfacial tension. The
interface may also intersect a solid bound-
ary at a contact line. The contact angle at
this line is a determining factor for the
shape of the interface. Thus, variation of
either the interfacial tension or the contact
angle varies the forces on the bulk phases,
and these forces may be manipulated and

+ The HTML version of this article has been
enhanced with colour images.

controlled. For a better overview of inter-
facial forces at the micro-scale, the authors
refer you to ref. 21 and 23 for excellent
reviews and articles about the theory of
multiphase flow in microchannels.

Typically, the dominant forces at the
micro-scale are viscous forces and in-
terfacial forces, which can be related
through a dimensionless parameter called
the capillary number, Ca. Viscous forces
act tangentially to a phase boundary and
elongate the boundary, whereas interfacial
forces act normal to the interface, induc-
ing a droplet or bubble to minimize the
interfacial area.”** As an example, when
different phases are injected as adjacent
streams in one channel, one phase often
preferentially wets the boundaries and
encapsulates the second fluid as discrete
droplets due to the high interfacial forces
at the microscale.*** However, a sta-
ble interface can also be generated be-
tween two phases by modifying forces on
the channels and fluids.’*** The capillary
number is a convenient nondimensional
parameter that can be used to describe the
ratio of viscous and interfacial force across
a phase boundary, and it is this ratio that
controls the flow pattern of the two phases.
The capillary number is defined as:

Ca= &, (1)
Y

where u and v are the continuous phase
viscosity and velocity, respectively, and
y is the interfacial tension between the
fluids. Low capillary numbers indicate
the domination of interfacial forces, and
therefore droplet-based flow, as shown in
Fig. 1(a). Conversely, high capillary num-
bers indicate high viscous forces that tend
to elongate the phase boundaries, eventu-
ally leading to stratified flow (Fig. 1(b)).
Note that it is not the capillary num-
ber alone that determines the stratifi-
cation/segmentation of the flow, it also
depends on the flow rates and viscosities of
the different fluids, as well as the geometry
of the microfluidic device.? 30323438

Examples of microfluidic multiphase
flows

Workhorse flow control methods, such
as pressure-driven and to a much lesser
extent electroosmotic flow, are still the
dominant methods to drive multiphase
flow in microfluidics.??> However, as we
scale a system down, interfacial forces
become predominant. Therefore, at the
microscale it is promising to drive flows
using interfacial tension driven flow con-
trol methods, such as electrowetting and
passive micropumping. This section will
explain the mechanisms for various types
of multiphase flows in microfluidic de-
vices.

Pressure-driven flow. Pressure-dri-
ven flow can drive fluids over a broad
range of velocities and pressures, and
is suitable for any phase and medium
of fluid, and therefore is a workhorse
flow control method for micro- and
nanofluidics. Pressure-driven multiphase
flow systems in microfluidic devices have
been used for particle synthesis, reactions,
droplet coalescence studies, and other
interfacial phenomena studies.’>¥** Al-
though it is an extremely robust and well-
characterized type of flow, the pressures
needed to drive fluid increase as the
system decreases in size, diminishing the
practicality of the flow control system.
Additionally, pressure-driven flow sys-
tems generally require macro-scale com-
ponents, and so it is difficult to create a
truly portable LOC system.

Electroosmotic flow (EOF). EOF, the
other workhorse flow of LOC devices,
is most commonly used for driving elec-
trolyte fluids through channels by the
application of an axial electric field. In
general, this type of flow is not used
in multiphase systems, since one of the
phases is usually either a conductor (e.g.
metal particles) or an insulator (e.g. oil).
However, in microfluidic systems with a
stationary solid phase and a conductive
liquid phase, EOF can be used to drive
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Fig. 1 Effect of Ca on microfluidic flow patterns of oil and water. In both (a) and (b), the microfluidic channels are 10 pm high and 10 pm wide.
The oil phase is hexadecane (dark) and water phase (white) is seeded with 0.01 M fluorescein sodium salt. Ca is varied by changing y while keeping
all other variables constant (flow rate ratio, viscosity ratio). The surfactants used to change the oil/water interfacial tension are sodium dodecyl

sulfate (SDS) (in water) and Span80 (in oil).

the liquid through the system. Examples
of solid-liquid systems using EOF as a
flow control method include micro fuel
cells*=' and solid phase extraction (SPE)
electrochromatography.*

Interfacial tension driven flow. Inter-
molecular forces between different phases
can induce fluid movement. Driving flu-
ids using interfacial forces is ideal for
multiphase microfluidics since there is a
large surface area to volume ratio. A
gradient in interfacial tension can induce
fluidic movement, generating flows such
as Marangoni flows. Interfacial tension
also gives rise to phenomena such as
wetting and passive pumping; however in
these cases the interfacial tension leads
gradients of pressure which in turn drive
the flow. In this section, we will detail a
few flow control methods of microfluidic
multiphase flow that require interfacial
tension.

Marangoni flow. Marangoni flow is a
result of gradients in interfacial tension
along a free surface (i.e. a liquid surface
in contact with air), which produces a
tangential stress. This stress must be equi-
librated by a viscous stress due to flow and
thus gradients in interfacial tension set the
interface into motion. The most common
microfluidic Marangoni flow is caused by
thermal gradients®*" applied to the de-
vice. Theoretical and experimental studies
of this kind of flow includes microflu-
idic flows along hydrophilic strips,>** as
well as thermocapillary bubble motion
through capillaries.**” Applications of
this sort of fluidic control method include
droplet motion and liquid spreading.>® In
general, there are several advantages for
thermo-driven Marangoni flow: (1) there
can be exquisite control of temperature
gradients due to the application of electric
fields, or lasers, (2) the power consumption
is low, which make a battery-powered
system possible, and (3) such a system
can be built so that it is bio-compatible.
Disadvantages include: (1) the difficulty
of locally controlling temperature, since

different surfaces have different local ther-
mal conductivities and (2) the difficulty
of manipulating the fluids which have
very low boiling points and low interfacial
tension temperature coefficients.

Passive micropumping. In contrast
to Marangoni flows, passive micropump-
ing occurs because of interfacial tension
induced pressure differences in different
size droplets connected via a microchannel
(see Fig. 2). In general, the pressure in the
droplets is due to an interfacial tension
induced pressure drop and a hydrostatic
pressure drop.®** However as the radius
of the drop is decreased, the pressure due
to interfacial tension becomes much larger
than the hydrostatic pressure. Note that
the dimensionless number that measures
this effect is the Bond number, and using
this number we find that any droplet
smaller than about 3 mm is unaffected by
gravity.'” Therefore, in microfluidic flows,
the total pressure drop mimics that of the
Young-Laplace equation and is inversely
proportional to the radius of the droplet:

yo=—

s

1 1
AP face tension —t— 2
e y[ R Rz] @

where AP is the difference between atmo-
spheric pressure and the pressure inside
the drop, R, and R, are the radii of
curvature for two axes normal to each
other that describe the curvature of the
surface. Consequently, the smaller radius
of curvature of the smaller droplet will
create a larger pressure inside the drop.
Therefore, two drops of different size con-
nected via a fluid filled channel will induce
a pressure gradient across the channel and
fluid will flow from the small drop to the
larger drop. An experimental demonstra-
tion of an interfacial-tension driven, pas-
sive micropump is shown in Fig. 2.5 In
addition, passive pumping has been used
in combination with electrocapillarity in
ref. 61 and 62 to develop a low dissipation
micro-switch.

Electrowetting. Electrowetting can be
described as the change in the contact an-
gle or interfacial tension due to an applied
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Fig. 2 Passive pumping chip containing a small input drop and a large output drop. (A) Before
placement of drop. (B) and (C) During the flow. Reprinted from ref. 63 with permission from RSC

publishing.
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Fig. 3 Schematic of electrowetting device. Note that the droplet is placed on both a hydrophobic
layer and dielectric layer, to ensure a high contact angle when zero voltage is applied, and to allow
for high voltages to be applied without breakdown.

potential difference between a solid and an
electrolyte, and the resulting flow is called
electrocapillary flow.**" Electrowetting of
a fluid in contact with a conductor tends
to cause electrochemical reactions and
Joule heating, diminishing the utility of the
device.” Therefore, electrowetting gener-
ally occurs on a dielectric (electrowetting
on a dielectric, EWOD).546667.7280 Fjg 3
shows a typical microfluidic electrowetting
device, including an electrode, an insu-
lating layer and hydrophobic layer. The
hydrophobic layer ensures a high contact
angle when zero voltage is applied, and
the dielectric allows for high voltages to
be applied without breakdown.

The driving mechanism for the motion
of a liquid droplet in an electrowetting
device is the change in contact angle of
the droplet. This change induces a change
in the curvature and pressure between
the front and the back (see eqn (2)).
Therefore, the flow is driven by wettability,
rather than by interfacial tension gradi-
ents. The droplet moves toward higher
voltages because the contact angle de-
creases with voltage, as shown in Fig. 4.
Electrowetting has been used to manip-
ulate droplets or film flow,**7¢” to form
droplets,® for mixing,’®* to manipulate
surface patterns,®® microvalve’™ and fluid
focus lens. This phenomenon has also
created a field of study in microfluidics
called “digital microfluidics”**®¢ where
microfluidic processing is performed on
droplets of fluid which can be transported,
stored, mixed, reacted or analyzed using a

set of basic instructions. As discussed in
a previous focus article? advantages of
this method of driving flow include (1)
the application of high potentials without
electrochemical reactions and (2) repeat-
able flow due to clean surfaces. Disad-
vantages include (1) lower capacitance
requires a stronger applied potential to
achieve a given contact angle change, and
(2) biomolecules tend to nonspecifically
adsorb to the surface typically used in
these studies.”

A viable tool for the future?

Over the past 10 years multiphase mi-
crofluidics has been a steadily growing
field. The question is, whether this field
will grow, plateau, or decay over time.
Given the plethora of applications for
multiphase microfluidic flow and the in-
crease of analytical, theoretical, and com-
putation methods for solving multiphase
flows, we believe that the field will not only
continue to grow, but may even experience
an exponential growth as robust theory
is developed to describe experimental re-
sults. In this section, we will describe these
thoughts in more detail and explain why
we believe multiphase flow will be not only
a viable tool, but also a necessary one in
the future.

We think that multiphase microfluidics
will have large impact towards solving
biological problems. This is due to the fact
that biological systems are inherently mul-
tiphase systems. Multiphase LOC devices

V<V :
o

L
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Fig. 4 Driving flow through microfluidic channels using electrowetting. The solid-liquid
interfacial tension change is described by Ay = (&,6/24)(Vx*~Vr?), where V, and Vy are
applied voltages at the advancing and receding sides, respectively, ¢, the dielectric constant, and
A the dielectric layer thickness. Flow moves from left to right, due to V', > V5, inducing a lower
contact angle at the advancing side, and thus a lower interfacial tension.

have the potential to affect the biological
field in many different ways. A few exam-
ples of ways we can develop LOC devices
for biology are to (1) mimic biological
systems to study biological mechanisms
in vitro, (2) implant in living organisms for
drug delivery, implantable organs, tissues,
and other systems, and vitals monitoring,
and (3) be used as bioanalytical tools
(separation, mixing, efc.). Finally, funda-
mental knowledge of microfluidic interfa-
cial phenomenon may elucidate biological
mechanisms and allow us to probe more
complex biological systems and pathways.

As device size decreases, the importance
of interfacial tension-driven flows will
rise dramatically. Pressure-driven flow will
be extremely difficult due to the large
pressure gradients required. Conversely,
the increase of surface area to volume
ratio in nanoscale channels may allow for
increased control of interfacially-driven
flows. The few existing studies on multi-
phase flows at the nanoscale®® allude to
the importance of interfacial tension and
wettability, especially when compared to
applied pressure gradients. Other reasons
that multiphase flow will be popular at
the nanoscale include the small residence
time, fast thermal transfer, and absence
of hydrodynamic dispersion. Therefore,
nanofluidic multiphase flow may allow
for ideal 2D nano-reactors, mixers, and
separators.

Currently, multiphase flow in microflu-
idics is exploited for a variety of appli-
cations, including emulsification and en-
capsulation, microreaction, synthesis, mi-
cromixing, bioassay, cell assay and protein
crystallization. These studies are still in
a nascent stage, and therefore we can
expect a steady growth of this field to-
wards such applications. It is interesting
to note there are many theoretical and
computational studies of multiphase flow
primarily found in the fluid mechanics
and physics literature, which tend to focus
on basic phenomena in simple and well-
characterized geometries. However many
of the studies in the microfluidics litera-
ture are application-driven experimental
studies involving complex geometries and
little or no theory. We hope that as the
microfluidic community continues to use
multiphase systems for such applications,
the two communities will work together to
elucidate complex microfluidic multiphase
flows. A resulting growth of multiphase
microfluidics can be expected, since not
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only can these studies be used for the ubig-
uitous microfluidic applications, but they
can also be used to probe the fundamental
physics of interfacial phenomena for all
(micro- and macro-scale) applications.
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