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Abstract
Microfluidic technologies have emerged recently as a promising new route
for the fabrication of uniform emulsions. In this paper, we review
microfluidic methods for synthesizing uniform streams of droplets and
bubbles, focusing on those that utilize pressure-driven flows. Three
categories of microfluidic geometries are discussed, including co-flowing
streams, cross-flowing streams, and flow focusing devices. In each category
we summarize observations that have been reported to date in experiments
and numerical simulations. We describe these results in the context of
physical mechanisms for droplet breakup, and simple theoretical models
that have been proposed. Applications of droplets in microfluidic devices
are briefly reviewed.

1. Introduction

An emulsion contains liquid droplets suspended in a second
immiscible liquid. The droplets are deformable, which imparts
unique flow characteristics to the emulsion, including viscosity
that changes with shear rate, and elasticity arising from surface
tension [1]. The rheology, or flow behaviour of the emulsion
is directly related to the texture we associate with skin lotion,
mayonnaise, ice cream and a host of other foods and personal
care products. The compartmentalization of liquids within
droplets is also useful for controlling reactions, since the
droplet interface acts as a membrane confining the contents.
Using this concept, emulsions have been used to refine
biochemical processes such as polymerase chain reaction
(PCR) for gene analysis and to control drug delivery rates [2].
All of these important emulsion properties depend strongly on
the suspended droplet size and the uniformity of sizes within
the sample. Although numerous emulsification processes
exist, most result in broad size distributions. Microfluidic
technologies have recently emerged as a promising new route
to the fabrication of uniform emulsions. In this paper, we
review microfluidic methods for synthesizing uniform streams
of droplets and bubbles, and we highlight unique features of
microfluidic technologies that enable the development of novel
applications.

Emulsions typically contain droplet diameters ranging
from hundreds of nanometers to tens of micrometres.
Microfluidic devices have similar geometric length scales, in
the range of 10–100 micrometres. Microfluidic approaches to
droplet formation are successful in part because these length
scales are comparable. In addition, small length scales lead to
low Reynolds number flows, in which fluid streams are laminar
and easily controlled. Large surface area to volume ratios also
lead to an increased role of surface effects. Over the past two
decades, these unique characteristics have led to a dramatic
increase in the development of novel applications exploiting
the benefits of miniaturization [3,4]. In droplet formation, the
ability to control the local flow field via fabrication of complex
microscale geometries enables control over the deformation
and breakup of every individual droplet. The majority of
microfluidic methods produce droplet diameters ranging from
a few micrometres to hundreds of micrometres in a uniform,
evenly spaced, continuous stream. Polydispersity, defined as
the standard deviation of the size distribution divided by the
mean droplet size, can be as small as 1–3%. Droplet volumes
range from femtolitres to nanolitres.

Microfluidic methods for forming droplets can be either
passive or active. Most methods are passive, relying on the flow
field to deform the interface and promote the natural growth
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Figure 1. Illustrations of the three main microfluidic geometries
used for droplet formation. (a) Co-flowing streams, (b) cross-
flowing streams in a T-shaped junction, and (c) elongational flow in
a flow focusing geometry. In each case the widths of the inlet and
outlet streams are indicated. It is assumed that the device is planar
with a uniform depth h.

of interfacial instabilities. These methods avoid moving
parts and explicit external actuation. Passive methods can
be grouped into three categories, characterized by the nature
of the flow field near pinchoff: (1) breakup in co-flowing
streams, (2) breakup in cross-flowing streams and (3) breakup
in elongational or stretching dominated flows. Schematic
illustrations of these three geometries are shown in figure 1.
In general, the fluid phase to be dispersed is driven into
a microchannel via a pressure-driven flow in which either
volume flow rate or applied pressure are controlled. A second
immiscible liquid is driven into a separate microchannel via
an independently controlled flow. The two streams meet at
a junction, at which the dispersed phase liquid extends to
form a ‘finger’ or ‘jet’. The geometry of the junction and
the volumetric flow rates of the two fluids determine the local
flow field, which deforms the interface. Eventually, a droplet
pinches off from the dispersed phase finger by a free surface
instability. Images depicting typical droplet breakup events in
the three main microfluidic geometries are shown in figure 2.
Steady flow of the two liquids yields periodic formation
of equal-size droplets in a continuous stream. Generically,
droplet breakup can be characterized by the competition
between local fluid stresses acting to deform the liquid interface
and capillary pressure acting to resist deformation. In addition,
the emerging droplet obstructs the junction as it grows, leading
to a dramatic increase in the upstream pressure, which also
drives pinchoff. The wettability of the nearby channel walls is

critically important to the process, determining which liquid
phase is dispersed.

In comparison with conventional methods, microfluidic
technologies for droplet formation yield considerably more
control over the droplet size and the uniformity. For
example, high-energy methods such as atomization, sprays,
and high-speed mixing yield broad size distributions due to
stochastic processes such as turbulent fluctuations. Pore-based
methods such as membrane emulsification [5], microchannel
emulsification [6, 7], and related methods [8–10] force
the two immiscible liquids together through a filter or a
microfabricated array of pores. Here, droplet size distribution
can be significantly narrower, but the pore size distribution
limits the uniformity of the resulting emulsion. Inkjet printing
is an example of a well-developed microtechnology in which
droplets fragment from a liquid jet emitting from a capillary
or a nozzle [11, 12]. This method allows for the formation
of very uniform streams, although the formation of secondary
satellite droplets must be controlled. External actuation of
the nozzle head is one method for tuning satellite formation,
and it also enables the ejection of a single droplet at a time
[13–15]. Several additional novel droplet formation methods
have been developed recently that offer substantial control
over uniformity and size, including selective withdrawal [16],
flow focusing [17, 18] and co-flowing a liquid past a capillary
tube [19]. Each of these methods utilizes a specific flow
field to promote the uniform breakup of a fine liquid thread.
Some of these methods motivated the development of specific
microfluidic geometries, and will be discussed in more detail
later in this review.

While selective withdrawal and flow focusing offer a
similar level of control over size and uniformity compared with
microfluidic methods, microfluidics offers several additional
advantages. As in any emulsion, the droplet interface encloses
its contents, enabling droplets to act as convenient vessels for
transporting materials and carrying out chemical reactions [2].
In microfluidics, the interface offers the significant added
benefit of preventing sample dispersion and fouling of the
channel walls. The ability to generate a wide range of precise
volumes allows for control over stoichiometry or reactant
inventories, and the ability to control downstream droplet
velocities, sorting, coalescence and internal mixing allows the
possibility of manipulating and imaging the spatial distribution
of droplets for time-resolved kinetics studies [20,21]. Finally,
the entire process is miniaturized, enabling the rapid analysis
of very small quantities of reagents in a portable, automated
and inexpensive format [4]. These capabilities have led to
the development of numerous applications that could not have
been realized in other ways. Protein crystallization, advanced
flow cytometry, enzyme kinetics studies, and DNA and blood
analysis are examples of biotechnology applications that
have been implemented in droplet-based microfluidic devices
[21, 22]. In addition, droplets have been used as reactors for
synthesizing materials with specific functionalities, including
polymeric microparticles, metallic nanoparticles, colloid or
lipid coated microcapsules and janus particles.

In this review, we describe recent microfluidic processes
for generating continuous streams of uniform droplets. We
emphasize passive methods, organizing these in terms of
the local flow field used to break the droplets. Three
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categories emerge: co-flowing streams, cross-flowing streams
and elongation-dominated flows. In all cases, we consider
closed microchannels in which the continuous phase liquid
preferentially wets the walls. In principle, the droplet is
prevented from contacting the wall due to an ever-present
thin film of the surrounding liquid, and thus the influence
of a three-phase contact line can be neglected. Wetting
and capillary phenomena related to moving contact lines in
microchannels are discussed more broadly in several recent
reviews [23–25]. We also do not address the motion of droplets
on open substrates, which can be induced by applied voltage
or temperature gradients and form the basis of recent ‘digital
microfluidics’ technologies [26]. In the following section,
we introduce the key fluid forces and physical parameters
important to microfluidic droplet formation processes. In
section 3 we examine the mechanisms for droplet breakup in
the three main categories of microfluidic breakup. External
actuation methods are highlighted in section 4. Finally,
section 5 highlights a few of the numerous applications of
droplets in microfluidic devices.

2. Fundamentals of droplet breakup in microscale
geometries

2.1. Experimental methods and physical parameters

Droplet formation in microfluidic devices utilizes indepen-
dently controlled flows of two immiscible liquids. Most
commonly, water or an aqueous solution is dispersed into a
continuous phase of oil, or gas bubbles are dispersed into water.
In general, the important fluid properties are the viscosities, µd

and µc, the densities, ρd and ρc, and the interfacial tension σ .
Throughout this review we will use the subscripts ‘d’ and ‘c’
to refer to the dispersed phase liquid and the continuous phase
liquid, respectively. Liquids are typically Newtonian, with
only a few studies examining the role of viscoelasticity on
breakup [27, 28]. Pressure-driven flow is accomplished using
either syringe pumps, which impose constant volumetric flow
rates Qd and Qc, or gas pressure cylinders, in which a regulator
controls the imposed pressures Pd and Pc.

The geometry of the microchannel junction determines the
flow field that deforms the emerging liquid finger and pinches
off a droplet. Lithography-derived processes are typically
used to fabricate these complex geometries. In lithographic
techniques, an arbitrary planar design is converted into a
network of rectangular microchannels with uniform depth
h. Soft lithography using flexible poly(dimethylsiloxane)
(PDMS) or polyurethane-based polymers is one of the most
popular methods, due to the ease and speed with which new
designs can be prototyped [29]. Other popular methods etch
channels in glass or silicon [30, 31]. The geometries used
to generate droplets can be defined in terms of the depth h

and the widths of the two inlet streams, wd and wc. The
dimensions corresponding to each of the three main geometries
are labelled in figure 1. The width of the outlet channel wo into
which the droplets travel after they break can also be specified.
Additional geometric parameters needed to describe specific
geometries are shown in figure 1 and defined in section 3.
The lengths of the inlet and outlet channels are not typically
reported, since it is assumed that the local flow field controls the

Figure 2. Images of droplet breakup in each of the three main
microfluidic geometries used for droplet formation. Breakup in
co-flowing streams is shown in (a) dripping and (b) jetting modes.
(Reprinted from [48], Copyright 2004, with permission from
Elsevier.) Breakup in cross-flowing streams is shown in (c)
unconfined and (d) confined T-junction geometries [51]. Flow
focusing geometries lead to breakup in elongational flows in (e)
dripping and (f ) jetting modes. (Reprinted with permission
from [52], Copyright 2006, American Institute of Physics.)

droplet breakup dynamics. However, we note that the channel
lengths determine the local absolute pressure in the device,
since the pressure at each outlet is held fixed at atmospheric
pressure.

To understand the dynamics of droplet breakup, we
examine the local viscous stresses and the dynamic pressure
field surrounding the emerging droplet. Viscous stresses
due to the continuous phase liquid can be estimated by the
product µcG, where G is a characteristic rate of strain that
is proportional to the outer flow rate Qc and a geometric
factor. Estimating the magnitude of G depends on the specific
geometry, and will be described further in section 3. In addition
to the viscous stress, the interfacial tension leads to a normal
stress jump across the curved interface of the emerging droplet.
The normal stress jump is proportional to the local interface
curvature κ; in the absence of flow this leads to (pd − pc) ∼
σκ . The interface shape can be quite complicated, as shown
in figure 2, such that estimates of κ vary both during the
breakup process and in different parts of the growing droplet.
Nevertheless, the curvature is bounded by the geometry. For
example, the maximum radius in the depth direction is rc ∼
1/κ ∼ h/2. In the plane, the radius is initially comparable to
the half width of the dispersed phase channel wd/2. Later in
the growth process, the protruding tip is limited to a maximum
radius of wo/2. Thus, the interface shape depends strongly on
the particular geometry. As the droplet grows, it obstructs the
channel, restricting the flow of continuous phase liquid around
it. This reduction in the gap through which the continuous
phase liquid can flow leads to a dramatic increase in the
dynamic pressure in the continuous phase upstream of the
droplet. The increased pressure drives the interface to neck
and pinch into a discrete droplet. A lubrication analysis can be
used to estimate the excess pressure due to the obstruction [32].
The form of the pressure term depends on the shape of the
emerging finger that obstructs the flow.

Several key dimensionless parameters can be used to
analyse the relative importance of each of the key forces
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for droplet breakup. In microfluidic droplet formation,
the capillary number Ca is the most important of these,
characterizing the relative importance of viscous stresses
and capillary pressure. We define the capillary number for
microfluidic droplet formation in terms of the continuous phase
flow field that acts to deform the droplet,

Ca = µcGa

σ
∝ µcQcSa

σ
, (1)

where a is the characteristic size of the finger prior to entering
the junction, S is a geometric factor, and G is the predominant
elongational or shear rate-of-strain in the flow field. This
definition is consistent with classic experiments examining
the deformation and breakup of isolated droplets in linear
flows [33], enabling comparison with these benchmark studies.
In microfluidic droplet formation, capillary numbers typically
range from Ca ∼ 10−3 to 101 for flow rates accessible using
syringe pumps.

An additional dimensionless parameter that is important
in microfluidic droplet formation is the ratio of volumetric flow
rates ϕ, given by

ϕ = Qd/Qc. (2)

In the limit as ϕ → 0, the dispersed phase liquid remains
stationary, mimicking classic droplet dynamics experiments
in a four roll mill apparatus [34]. Finally, the viscosity ratio λ,
given by

λ = µd/µc, (3)

also characterizes droplet breakup.
The Reynolds number Re indicates the importance of

inertia compared with viscous stresses, and is defined in terms
of the characteristic velocity U of the flow,

Re = ρUDH

µ
= 2ρiQi

µi(wi + hi)
, (4)

where DH is the hydraulic diameter of the microchannel, and
the subscript ‘i’ denotes the liquid phase under consideration.
Small geometric length scales typically lead to Re � 1 for
microfluidics.

The Weber number We is used frequently to parametrize
droplet breakup processes when inertia and capillary pressure
are more important than viscous stresses. The product of the
Reynolds number and the capillary number gives the Weber
number,

We = Re Ca. (5)

Typically, inertia is the least important of the three key forces in
microfluidics [3,4]; however, inertia does play a role in bubble
collapse [35, 36] and in nonlinear bubble formation at higher
flow rates [28, 37, 38].

Finally, the Bond number Bo characterizes the relative
importance of buoyancy and surface tension, and is given by

Bo = �ρgw2

σ
, (6)

where �ρ = ρd −ρc is the density difference between the two
immiscible fluids. For air bubbles in water, in a microchannel
with w = 100 µm, Bo ∼ 10−3. For water droplets in oil, the
density difference is typically very small, and so the magnitude
of Bo can be as much as a factor of a thousand smaller.
Thus, buoyancy is typically negligible in droplet formation
in microfluidic devices.

In the following sections, we utilize the above notation
and definitions in an effort to facilitate comparisons between

studies; however, we note that there is currently no standard,
and readers will find alternatives in the cited literature.

2.2. Wettability and material selection

The selection of appropriate materials for fabrication of
droplet-based microfluidic devices is essential. One key reason
is that the wettability of the microchannel walls strongly
influences droplet formation due to the proximity of the walls
and the possibility for either liquid phase to encounter the wall.
In order to achieve consistent droplet breakup, it is important
that the continuous phase liquid preferentially wets the walls.
For this reason, experimental protocols often involve ‘priming’
the microfluidic device by filling with continuous phase liquid
to pre-wet the walls. If the continuous phase liquid wets much
more readily than the dispersed phase liquid, then a thin liquid
film will form between the droplet interface and the wall.
If the two liquids wet the substrate comparably, erratic two-
phase flow patterns are observed [39,40], and uniform droplet
production is compromised. Dreyfus et al present a scaling
argument suggesting that competitive wetting becomes more
important the smaller the channel [39].

These observations show that wettability of the substrate
is the controlling factor in determining the morphology of the
resulting emulsion. For example, since PDMS is hydrophobic,
most droplet breakup studies in which devices are fabricated
using soft lithography are limited to the formation of water
droplets surrounded by oil. Oil droplets in water can be
generated by fabricating in silicon, which is hydrophilic [41],
by using concentrated surfactant solutions to alter the relative
wettability of the two liquids [42], by using a modified ‘laser
LIGA’ method to fabricate channels from PMMA plastic [30],
and by fabricating three-dimensional geometries to minimize
contact of the dispersed phase liquid with the walls [43, 44].
Furthermore, Xu et al [40] argue that using concentrated
surfactant solutions can result in the formation of a surfactant
monolayer on the microchannel walls, altering the surface to
promote wetting of the surfactant solution.

Material selection is also important from the perspective of
compatibility with solvents and strength of materials. PDMS,
though ubiquitous, is not compatible with many solvents of
interest since it swells or degrades in these solvents. A few
studies have demonstrated successful droplet formation in
microfluidic devices fabricated using alternative materials that
are stable to a wider range of solvents [45, 46]. Fabrication
in materials such as silicon and glass and fabrication of
three-dimensional monolithic structures can yield devices that
withstand higher pressures without failure and allow increased
throughput [43, 44, 47].

3. Passive microfluidic methods

3.1. Droplet breakup in co-flowing streams

The simplest microfluidic geometry for achieving droplet
formation is a set of concentric channels, where the dispersed
phase liquid is driven into the inner channel or capillary, and
emerges from the end of the capillary into a parallel flowing
stream of the continuous phase liquid. This configuration
is depicted schematically in figure 1(a) and it has been
implemented at the macroscale by Umbanhowar et al [19].
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In this study, a micropipette is inserted into a rotating
bath of the continuous phase liquid [19]. The authors
demonstrate that the rotating bath configuration generates
emulsions using many different liquid pairs. Cramer et al [48]
implemented co-flowing streams in a slightly different way,
by inserting a microcapillary (I.D. 100 µm) into a rectangular
flow cell measuring 20 mm × 2.5 mm. They also examined
a microfluidic equivalent of the same configuration, in both
cases using oil as the continuous phase liquid. The influence
of viscosity ratio was investigated using aqueous solutions of
κ-carrageenan as the dispersed phase liquid, and varying the
concentration of dissolved κ-carrageenan from 0.1 to 1.5 wt%
in order to alter the viscosity. Although aqueous solutions of
κ-carrageenan shear thin, the authors assumed the effect has a
negligible impact on their experiments.

Droplet breakup from a capillary tip immersed in a
continuous co-flowing liquid can be separated into two distinct
breakup regimes: dripping, in which droplets pinch off near the
capillary tip, and jetting, in which droplets pinch off from an
extended thread downstream of the capillary tip [48]. Typical
images of droplets forming in each of these modes are shown
in figures 2(a) and (b). The transition from dripping to jetting
occurs as the continuous phase velocity increases above a
critical value. Cramer et al found that the critical velocity
decreases as the dispersed phase flow rate increases, due to the
larger axial momentum of the forming droplet, facilitating jet
formation. The critical velocity also decreases as the dispersed
phase viscosity increases, due to enhanced stability of the
liquid–liquid interface. Finally, the critical velocity decreases
with reduced interfacial tension, since the interfacial tension
is the primary force acting to hold the emerging droplet at
the capillary tip. The existence of these two distinct modes
of breakup as well as the dependence of the transition on
the key dimensionless parameters was predicted by Zhang
and Stone [49] using boundary integral simulations. A more
recent, general stability analysis of viscous threads confined
within a viscous outer liquid in a microchannel characterizes
the transition from droplet to jet formation as a transition from
an absolute to a convective instability, in which the faster flow
of the outer liquid and the confinement allow a stable thread
to form prior to pinchoff of larger droplets [50]. In this paper,
Guillot et al analyse the transition in detail as a function of
viscosity ratio, capillary number and ‘confinement’, in which
the confinement parameter x = rjet/Rc = f (λ, ϕ) is defined
in terms of the size of the jet relative to the effective radius
of the channel, which is a function of both viscosity ratio and
flow rate ratio. The predicted transitions are found to agree
well with the experimental observations.

In both the rotating bath and the rectangular flow cell
configurations, the droplet size has been characterized as a
function of the control parameters. In general, droplets are
smaller when the continuous phase velocity is faster, due to
larger shear stresses exerted on the interface. Droplet size
generally increases with increasing dispersed phase flow rate.
An emerging droplet continues to fill during pinchoff, so a
larger internal flow rate leads to more volume entering a droplet
prior to pinchoff. These trends were observed by Cramer
et al [48] who performed quantitative measurements of droplet
size, polydispersity and droplet formation time, systematically
varying the relevant physical parameters. While the most

detailed measurements were conducted within the dripping
regime, droplet sizes are also reported for the jetting regime,
and the data in both regimes show similar trends. In the
experiments, droplet diameter decreases monotonically with
increasing continuous phase velocity. Reducing the interfacial
tension results in larger droplets due to decreased resistance to
breakup. On the other hand, variations in viscosity ratio have
little effect on droplet size over a wide range of continuous
phase velocities. The authors also report that droplet formation
time decreases with increasing dispersed phase flow rate for
a fixed continuous phase velocity, and approaches a constant
value at small continuous phase velocities. Umbanhowar et al
[19] also measured droplet size, and compare the experimental
data with a scaling model derived from a force balance on the
growing droplet. The predicted droplet size is obtained by
finding the roots of the nondimensional equation

d̄3 −
(

1 +
1

3Ca

)
d̄2 − ϕ

α
d̄ +

ϕ

α
= 0, (7)

where d̄ = d/di is the droplet size scaled by the inner diameter
of the capillary tube, and the capillary number in this case
is defined in terms of the velocity of the continuous phase
liquid Uc, Ca ≡ µcUc/σ = µcQc/σAc, with Ac denoting
the cross-sectional area of the outer channel. The ratio of
velocities is given by α/ϕ, where α = Ad/Ac is the ratio of
the two cross-sectional areas and ϕ is the flow rate ratio that
we have previously defined. We note that the predicted droplet
size is independent of the dispersed phase viscosity, consistent
with the experiments in [48]. Umbanhowar et al deliberately
avoid the jetting regime in experiments, and argue that dripping
will occur when the capillary pressure is more important than
inertia, We < 1, or when the internal flow rate remains below
the limit, Qd < π(d3σ/2ρd)

1/2. Furthermore, the authors
point out that as long as the internal flow rate is slow enough,
the above equation reduces to

d̄ ≈ 1 +
1

3Ca
. (8)

The experimental results agree well with the predicted values
over the range of experiment conditions considered, validating
the assumption that viscous stresses and capillary pressure are
the leading factors in droplet breakup. Both of the co-flowing
configurations described here result in highly monodisperse
droplets with polydispersity values ranging from 1% to 2%.
The droplet sizes produced range from as small as 80 µm up
to a few hundred micrometres in diameter.

3.2. Droplet breakup in cross-flowing streams

One of the most common microfluidic methods of generating
droplets uses cross-flowing continuous and dispersed phase
streams. In microfluidics, this is typically implemented using
T-shaped microchannel junctions, depicted schematically in
figure 1(b). Droplet formation in a T-shaped device was first
reported by Thorsen et al [53], who used pressure controlled
flow in microchannels 35 µm wide and 6.5 µm deep to generate
droplets of water in a variety of different oils. When the
imposed pressures are comparable, Pd ∼ Pc, the droplet
size increases with increasing dispersed phase pressure Pd.
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Droplets do not form when the pressures are significantly
different from each other. For example, if the dispersed phase
pressure is significantly smaller than the continuous phase
pressure Pc, the liquid interface cannot enter the junction
region. Conversely, when Pd is much larger than Pc, the two
streams co-flow downstream and the interface remains stable.
The authors propose a simple argument based on the original
work of Taylor [54] that droplets should pinch off when the
viscous stresses overcome the interfacial tension, or Ca ∼ 1,
leading to the expression for the droplet diameter,

d ∼ 2σ

µCε̇
, (9)

where ε̇ is the shear rate within the junction. This simple
argument predicts droplet sizes within a factor of two of the
measured sizes, although it is necessary to obtain shear rate
values empirically, and the relationship between ε̇, Pc and Pd

is not clear.
Following this initial work, a number of studies have

examined the characteristics of droplet breakup in microfluidic
T-junctions. This geometry is popular due to the ease with
which droplets can be formed and the uniformity of the
resulting droplets. Over a wide range of flow rates, the droplet
formation is periodic and regular as long as a single T-shaped
channel is used. On the other hand, recent studies report that
droplet and bubble breakup is not necessarily regular when
multiple droplet generators are coupled via a single set of
syringe pumps [55, 70]. The interaction between multiple
breakup processes leads to a rich nonlinear dynamics in which
droplet formation can appear uniform, multi-modal or chaotic.

Most T-junction studies fall into one of two groups: those
in which the emerging droplet rapidly fills the junction region
and is influenced by its confinement within the microchannel,
and those in which the emerging droplets do not interact with
the downstream microchannel walls and remain unconfined
by the microchannel. Images representing typical droplet
shapes during breakup in confined and unconfined geometries
are shown in figures 2(c) and (d). Unconfined droplets do
not disrupt the continuous phase flow significantly, and thus
their size is primarily controlled by the local shear stress.
Confined droplets restrict the flow of the continuous phase
liquid to the thin film between the liquid interface and the
microchannel walls. This obstruction leads to increased
upstream pressure in the continuous phase liquid, driving
pinching of the interface. Nominally, unconfined breakup
occurs when the width of the continuous phase channel is much
larger than that of the dispersed phase channel. It is likely that
both the pinching pressure and the shear stress are important for
many microfluidic flow conditions, and this ‘mixed’ case has
been considered in a recent numerical study using a phase field
model [56], as well as experimentally [51]. Since most studies
emphasize either confined or unconfined droplet breakup, we
will use this classification in summarizing the current literature
on microfluidic droplet generation due to cross-flow.

3.2.1. Unconfined droplet breakup in cross-flowing streams.
Several studies examine the mechanisms for droplet breakup
in cross-flowing streams in which the width of the continuous
phase channel is much greater than that of the dispersed
phase channel. In studies using planar microfluidic channels,

channel dimensions range from 25 to 500 µm, and the width
of the continuous phase channel is at least a factor of five
larger than that of the dispersed phase channel [27, 30, 57].
The depth of the microchannel is usually smaller than the
width of either channel. In a separate study, Xu et al [58]
connected a 45 µm square microchannel to a relatively large
1 mm square chamber in order to minimize the influence of
confinement. Droplets were generated in these systems using
both water and oil as the dispersed phase liquids, depending
on the wetting properties of the devices used. The droplet
sizes observed in these studies ranged from 100 to 800 µm in
size. In all cases, the droplet size decreases as the speed of
the continuous phase liquid increases, for a fixed internal flow
speed. The dependence of the droplet size on the dispersed
phase flow rate is less consistent, although most studies report
that the droplet size increases at least weakly with increasing
dispersed phase flow rate. A few studies specifically examine
the influence of the liquid viscosities [27] and the interfacial
tension [58] on breakup. Xu et al report that the droplet
size approaches a minimum value at large continuous phase
velocities, independent of the magnitude of the dispersed phase
velocity.

Simple models for the droplet size have been presented
by Husny and Cooper-White [27] and by Xu et al [58]. Both
models derive from a balance of forces on the emerging,
unconfined droplet. Husny and Cooper-White argue that
droplet breakup should occur when the drag exerted on the
emerging droplet by the cross-flowing continuous phase liquid
overcomes the interfacial tension resisting deformation of the
droplet. Re-casting the expressions given by the authors in the
notation defined earlier and collecting terms, the droplet size
predicted from this force balance is given by

d̄4 − 2d̄3 +
ψ

2
d̄2 +

α

2CλCa
= 0, (10)

where d̄ = d/Dc is the droplet diameter scaled by the hy-
draulic diameter of the continuous phase channel, Dc =
2wch/(wc + h). In this case the capillary number is given
by Ca = µcQc/σwch, the parameter α = (wd/Dc)

2 is a ra-
tio of effective areas of the two channels, analogous to that
defined in equation (7) for co-flowing streams, and Cλ =
(3 + 2/λ)/(1 + 1/λ) is a correction factor accounting for the
viscosity ratio λ. The constant ψ represents the ratio of the
droplet velocity to the average velocity of the continuous phase
liquid. This value ranges from 0 < ψ < 2 and depends on
the capillary number; however, Husny and Cooper-White treat
ψ as a fitting parameter with a constant value of ψ = 0.6 for
their experiments. We note that equation (10) indicates that
the droplet size resulting from unconfined breakup in cross-
flowing streams should depend solely on the capillary number.
The predicted droplet size is independent of the flow rate ra-
tio, and it agrees with measured droplet sizes obtained from
experiments to within 25% over the range of experiment con-
ditions, as shown in figure 3(a) which shows nondimensional
droplet diameter as a function of capillary number. Glycerol–
water mixtures were used to tune the viscosity of the dispersed
phase liquid, and the resulting measurements appear to be in-
dependent of the viscosity ratio to within the accuracy of the
measurements. Discrepancies between the predicted and the

R324

Bio-Rad Ex. 2029 
Page 6



Topical Review

Figure 3. Graphs depicting dependence of droplet size on flow
parameters in (a) unconfined breakup (reprinted from [27],
Copyright 2006, with permission from Elsevier), and (b) confined
breakup in a T-junction (reproduced from [59] by permission from
The Royal Society of Chemistry). In the unconfined case, droplet
diameter depends only on the capillary number. In the confined
case, droplet length depends only on the flow rate ratio.

experimental droplet sizes are likely due to the choice of a con-
stant value of ψ to characterize the relative velocity of a wide
range of droplet sizes. At large values of the capillary number,
the droplet size approaches a constant value of d̄ = 0.3. The
authors argue that this limiting value is a function of the dis-
persed phase viscosity, although conclusive data are not shown.
Nonetheless, this simple model captures the complex dynam-
ics of droplet breakup over a wide range of capillary numbers.

Xu et al argue that additional forces should be included
for their cross-flow configuration. In addition to the cross-flow
drag analogous to that considered by Husny and Cooper-White,
the authors included a dynamic lift force and buoyancy, in part
because they considered a larger range of Reynolds numbers
than the microfluidics studies. Re-casting the torque balance
given in [58] in terms of our previously defined notation, a
prediction for the droplet size is obtained,

[5.481αRe1/2Ca + Bo/6]d̄4 + 6Cad̄3 − d̄ + 1 = 0, (11)

where d̄ = d/wd is the droplet diameter scaled by the width
of the microchannel screen hole. The capillary number is
given by Ca = µcQc/σwch, the Reynolds number is given
by Re = ρcQc/µch and the Bond number is given by Bo =
�ρgw2

d/σ . The parameter α = (wd/wc)
2 is the ratio of

the effective cross-sectional areas of the two streams. The
predicted diameter agrees well with the measured values for
larger values of surface tension, but slightly under predicts
the measured diameters for lower surface tension values. The
authors argue that this discrepancy arises from the observation
of an extended droplet detachment time subsequent to droplet
growth as surface tension is reduced. Longer detachment times
result in larger drops than predicted since more time is available
for the fluid to enter the droplet prior to detachment. The
authors argue that the detachment time is important when the
drag force is smaller than the capillary force, or when the ratio
x falls below a critical value, given by

x = FDd

FCwd
= 3Cad̄3

(d̄ − 1)
< 0.9, (12)

where FD is the viscous drag and FC is the capillary force
resisting detachment. The critical value of x < 0.9 is based
on conditions at which discrepancies between model and
experiment became significant. Empirically, the detachment
time td was found to depend on x in the following way:

log(td) = 7.75 − 9.785x (13)

The product Qdtd represents the extra volume entering
the droplet prior to detachment; equation (13) provides
a means of empirically adjusting the predicted size from
equation (12) [58, 60].

Regardless of the particular geometry used, droplet
breakup in a cross-flowing stream is primarily controlled by
the viscous drag when the droplets emerge from the capillary
into a relatively wide stream. Although all experiments
show that droplet size depends strongly on the continuous
phase flow speed and only weakly on the dispersed phase
flow speed, the proposed models appear to be specific to the
particular geometry considered, and to rely on empirical fits to
experimental data as inputs to the model.

3.2.2. Confined droplet breakup due to cross-flowing streams.
Confined breakup occurs when the emerging droplet grows
large enough to completely obstruct the continuous phase
channel apart from a thin film of liquid surrounding the
emerging droplet. Droplets created under these conditions are
often referred to as ‘plugs’ because the droplet fills the channel
cross-section, and its length in the flow direction is greater
than its width. Due to the obstruction of the continuous phase
channel by the plugs, the upstream pressure in the continuous
phase liquid increases, resulting in an additional force exerted
on the interface that promotes breakup.

Numerous experimental studies have examined the sizes
of plugs formed in T-shaped microchannels over a range of flow
conditions [59–61]. In these T-shaped devices, the widths of
the dispersed and continuous phase channels are comparable to
or equal to one another, as well as to the channel depth. Water
is most frequently used as the dispersed phase liquid, and a
variety of oils are used as continuous phase liquids, including
perfluourooctanol and silicone oils ranging in viscosity from 10
to 100 mPa s. Flow conditions span a wide range of continuous
phase flow rates, up to a capillary number of Ca = µcUc/σ =
µcQc/σwch < 0.1, and over four orders of magnitude in
flow rate ratio ϕ = Qd/Qc. Measured plug lengths range
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in size from L ∼ 100 to 350 µm (1 < L/wc < 10, wc > h).
In all the reported experiments, the plug size is consistently
independent of the cross-flowing continuous phase flow rate,
or capillary number, while plug sizes increase as the flow rate
ratio increases for fixed capillary number.

Garstecki et al [59,65] argue generally that at low capillary
numbers a plug obstructing the continuous phase channel
results in a significant increase in the flow resistance in the thin
film region surrounding the droplet. The resulting increased
pressure upstream ‘squeezes’ the neck of the droplet until it
thins and breaks. The added force due to the pinching pressure
scales with the distance ε between the emerging droplet and
the outer wall,

Fp ≈ µcQcwc

h2ε3
. (14)

As droplets grow larger, the gap ε decreases and the pinching
pressure exceeds the viscous shear stress, which only scales
with 1/ε2. The authors argue that plugs formed at low capillary
numbers grow until they block the channel, at which point
the pressure force begins to squeeze the neck. The droplet
continues to grow during this time. Assuming that the neck
squeezes at a rate proportional to the average velocity of
the continuous phase liquid, and that the plug fills at a rate
proportional to the volumetric flow rate of the dispersed phase
liquid, a scaling law for the final length L of the plug is
obtained,

L̄ = L/wc = 1 + αϕ, (15)

where α is a constant factor related to the width of the thinning
neck. Equation (15) clearly shows that plug lengths formed
at low capillary number depend only on the flow rate ratio
and not on the capillary number, consistent with experiments.
Measured plug lengths agree well with the scaling law given
in equation (15) when the factor α is unity, as shown in
figure 3(b) which shows nondimensional droplet diameter as
a function of capillary number. Garstecki et al argue that
the above relationship is valid as long as the width of the
dispersed phase channel wd is greater than half the width of the
continuous phase channel wc. For smaller values of wd, the
shear stress on the emerging droplet will significantly distort
its shape and will influence the final droplet size. A recent
numerical study expands on the idea that both the ‘pinching
pressure’ and the shear stress are significant above a critical
value of the capillary number, and this mixture of the two
forces leads to droplet breakup regimes analogous to dripping
and jetting regimes observed in the other two geometries
discussed in this review [56]. In this numerical study, de
Menech et al demonstrate that the dripping regime in confined
T-shaped junctions is qualitatively different from that observed
in unbounded flows since the confinement pressure is never
negligible. The study presents a detailed numerical exploration
of the phase space defined by controllable parameters, and
among other things demonstrates that the viscosity ratio plays
an important role in the droplet formation, in contrast to
expectations for unconfined breakup.

Van der Graaf et al [60] recently presented a semi-
empirical model based on arguments similar to those of
Garstecki et al [59]. The authors use the lattice Boltzmann
method to simulate droplet breakup and perform experiments
observing droplet growth and breakup. Based on simulations
and experiments, the authors observe that in both confined and

Figure 4. Droplet breakup modes for confined plug formation in
microfluidic T-junctions. As the dispersed phase flow rate increases,
direct breakup near the junction gives way to an extended thread that
breaks downstream. For even larger flow rates, the two streams
co-flow parallel to one another. (Reprinted with permission
from [62], Copyright 2005, by the American Physical Society.)

unconfined droplet breakup, droplet growth occurs in a two-
step process. Initially, the droplet grows to a critical volume Vc

until the forces exerted on the interface balance. Subsequently,
the droplet continues to grow for a time tn while the neck
collapses, due to the influx of dispersed phase liquid, such that
the final droplet volume is given by

V = Vc + tnQd. (16)

Furthermore, droplet volumes extracted from simulations
decrease as capillary number increases and increase slightly
as dispersed phase flow rate increases, consistent with other
experimental observations reported for droplet breakup in
cross-flowing streams. An empirical relationship is obtained,
given by

V = Vc,refCam + tn,refCanQd, (17)

where Vc,ref and tn,ref are taken from simulation results at
Ca = 1, in which necking of the droplet is rapid. The
exponents m and n depend on the device geometry, and are
taken to be m = n = 0.75 in [60]. This empirical model
works well for both confined plugs and unconfined droplets
since the necking time increases as capillary number decreases,
enhancing the influence of the dispersed phase flow rate.

In confined droplet breakup, droplets form within a
specific range of flow parameters. In particular, as the flow rate
ratio ϕ approaches unity, the liquid velocities become more
similar, and it is generally observed that the two incoming
streams co-flow downstream of the junction without pinching.
Guillot and Colin [62] recently developed a semi-empirical
model, supported by experiments, to describe the transition
from droplets forming at a T-junction to stable parallel streams.
A phase diagram depicting the observed transitions is shown in
figure 4. The predicted transition depends primarily on the flow
rate ratio and derives from the assumption that the upstream
pressure drives pinchoff.
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3.2.3. Influence of viscosity ratio. It is notable that the
viscosity ratio λ does not appear in any of the simple models
given in Equations (7)–(17), except for the minor correction
factor Cλ used in equation (10). Experimental studies
investigating the influence of viscosity have primarily focused
on changing the continuous phase viscosity, focusing on either
the extremes of confined or unconfined breakup. For a given set
of flow rates, increasing the viscosity of the continuous phase
liquid results in decreased droplet size in unconfined conditions
[27, 40]. This result is easily understood by recognizing
that a larger continuous phase viscosity results in larger local
shear stresses exerted at the interface, thus facilitating droplet
breakup. This effect is captured in the definition of the capillary
number, as Husny and co-workers demonstrated by showing
that the measured droplet size falls on a single master curve
when plotted as a function of the capillary number, for several
different values of the viscosity ratio. Similarly, in confined
breakup of plugs, the droplet length is found to be independent
of the continuous phase viscosity over a wide range of oil
viscosities [59], consistent with the prediction that the droplet
size is dependent only on the flow rate ratio (cf equation (15)).
On the other hand, the numerical study of de Menech et al
demonstrates that the viscosity ratio is indeed important to the
droplet formation process in the intermediate regime where
both shear stress and confinement strongly influence the shape
of the emerging droplet [56]. As the authors point out, a simple
model describing these effects is difficult to obtain; however,
similar effects have also been observed experimentally [51]. In
addition, the dispersed phase viscosity appears to influence the
critical capillary number at the transition from plug formation
to stable, parallel flowing streams [61,62]. Experiments show
that the critical capillary number decreases as the viscosity
ratio increases, presumably since a larger internal viscosity
enhances the stability of the interface.

The formation of gas bubbles in the surrounding liquid
corresponds to very low viscosity ratios. Several studies have
examined bubble formation in both confined and unconfined
cross-flowing streams [59,63]. In both cases, the same general
trends are observed as for breakup of liquid droplets, where
the capillary number is the controlling factor in the breakup
of unconfined bubbles [63] and the flow rate ratio is the
controlling factor in confined systems [59]. The lengths of
small bubbles produced in confined pinchoff are predicted by
equation (15). As flow rate increases, measured bubble lengths
are larger than predicted. The authors argue that the flow
resistance in the obstructed channel is smaller in the presence
of gas bubbles as compared with liquid droplets, resulting
in a smaller squeezing pressure. Smaller squeezing pressure
leads to a longer detachment time, allowing more influx of
the dispersed gas prior to detachment and subsequently larger
bubbles [59].

3.3. Focusing a jet via elongational stresses

As an alternative to the two methods described above, in
which droplets are formed within predominantly shearing
flows, elongational flows can efficiently form jets and small
droplets. Several techniques have been developed recently that
take advantage of elongational flows. Two notable examples
at the macroscale are capillary flow focusing [17, 18] and

selective withdrawal [16]. In selective withdrawal, an initially
flat liquid interface is deformed into a cusp and then withdrawn
through a capillary via an applied suction flow. In one version
of capillary flow focusing, gas is forced out of a capillary into
a bath of liquid. The capillary is positioned above an orifice in
a large plate, and the pressure-driven contraction flow of the
external liquid through the orifice focuses the gas into a thin jet.
The jet subsequently breaks into equal-sized bubbles. Similar
experiments have been performed using gas–liquid, liquid–gas
and liquid–liquid pairs [17, 18]. Both capillary flow focusing
and selective withdrawal produce highly monodisperse
droplets with diameters below 100 µm, significantly smaller
than the capillary tube. In flow focusing, the droplet or bubble
size varies with the imposed flow rates or pressures.

The flow focusing approach was first implemented in a
microfluidic geometry by Anna et al [64]. In microfluidic
flow focusing, two immiscible liquids flow coaxially into
separate channels in a planar geometry, with the continuous
phase liquid flowing on either side of the dispersed phase
liquid. Downstream, the two liquids come into contact at
the tip of the inner microchannel. Just beyond this region,
the liquids flow together through a contraction. The resulting
elongation-dominated velocity field in the outer liquid draws
the inner liquid into a thin jet that breaks into droplets. A
schematic illustration of a flow focusing device is shown
in figure 1(c). Planar microfluidic flow focusing devices
have been used in conjunction with pressure-driven flows
to generate monodisperse droplets [52,65–68] and bubbles
[36, 37, 69, 70]. Syringe pump controlled volumetric flow
rates are most commonly used to form droplets, while in
bubble formation a constant pressure source is typically used
to control the flow of the gas phase. Ward et al [71]
recently reported qualitative differences in the observed droplet
size when flow rate is controlled compared with that when
pressure is controlled. The key observation in this work
is that the droplet size varies much more strongly with
changes in pressure than with changes in flow rate, even
though the two parameters are linearly related to each other
in a single-phase flow. The differences, while not fully
explained, are attributed to the nonlinearities introduced by
surface tension. In addition to planar devices, axisymmetric
and three-dimensional microfluidic devices have also been
fabricated, and the resulting droplet sizes and breakup regimes
are qualitatively similar [41, 43, 44, 72]. Three-dimensional
devices suffer from fewer problems with competitive wetting
between the two liquids, and typically offer more robust
construction, allowing for higher throughput.

A reasonable estimate of the capillary number Ca for
flow focusing in planar geometries is based on the effective
elongation rate G = �V/�Z, where �V = Vorifice − Vup is
the velocity difference experienced by the continuous phase
liquid as it flows into the orifice, and �Z is the distance from
the end of the inner microchannel to the orifice entrance. The
capillary number is given by

Ca = µcGwd

2σ
= µcwd�V

2σ�Z
= µcwdQc

2σh�Z

[
1

wor

− 1

2wc

]
,

(18)
where wor is the width of the orifice [52]. The dimension wd/2
denotes the half-width of the upstream inner channel, which is
analogous to the undeformed droplet radius in classic studies
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of the dynamics of isolated droplets in linear flows. When
droplet or bubble breakup experiments are performed over a
wide range of flow rates in microfluidic flow focusing, several
distinct flow regimes are observed. Nearly all experimental
studies report some type of dripping and jetting regimes, and
a few studies report the observation of other breakup regimes.
Images of droplet breakup in dripping and jetting modes for a
flow focusing device are shown in figures 2(e) and (f ). The
transitions between these regimes depend on the magnitudes of
the imposed flow rates or pressures, or in dimensionless terms,
the capillary number Ca and the flow rate ratio ϕ. Within
each regime, the droplet size and frequency of breakup also
varies with the flow parameters. Unlike in co-flowing and
cross-flowing configurations, no simple model exists that can
predict the droplet size as a function of control parameters
in microfluidic flow focusing, in which capillary pressure and
viscous stresses are generally significantly more important than
inertia. However, several numerical studies have helped to
elucidate the scaling behaviour in these regimes [28,73–75].
For the most part, proposed scaling arguments still need to be
systematically validated experimentally.

The dripping regime is characterized by droplets that pinch
off within one characteristic diameter of the flow focusing
orifice, while the portion of the interface left behind after
pinchoff remains at a fixed location within the orifice [52, 68,
72]. In this regime, the droplets are smaller than the orifice
size and are highly monodisperse (polydispersity < 2%).
The droplet diameter decreases continuously with increasing
capillary number and decreasing flow rate ratio, although
quantitative comparison of measurements with scaling theory
has not been systematically reported. Zhou et al [28] argue
that the mechanism for droplet pinchoff in the dripping regime
is a mixture of capillary instabilities, including the classic
Rayleigh capillary instability [76, 77] and an end-pinching
mechanism [78], combined with viscous drag on the emerging
droplet from the outer liquid, which stretches and thins the
necked region behind the droplet. This conclusion is based on
the observation that the numerically predicted droplet size does
not scale as expected for either a capillary wave instability,
in which the scaling d/wor ∼ ϕ1/2 holds, or for breakup
due purely to viscous drag, in which the scaling d/wor ∼
σϕ1/2w2

o/µcQc ∼ σϕ3/2w2
o/µcQd holds. Note in particular

that the scaling predicts that the droplet size depends on the
width of the downstream tube, wo, and also that the scaling
with flow rate ratio will be different depending on whether the
outer flow rate is held fixed, or the inner flow rate.

As the capillary number increases, a transition from
dripping to jetting is observed. In jetting, the dispersed phase
finger extends at least three orifice diameters beyond the exit
of the orifice and resembles a long jet [72]. The jet interface
exhibits undulations that grow until discrete droplets pinch
off. The resulting droplets are larger than in dripping mode,
and less uniform. Utada et al [72] and Zhou et al [28]
each offer different arguments for the crossover conditions
between dripping and jetting. Utada et al argue that the
transition will occur when the timescale for visco-capillary
pinchoff is comparable to the timescale for growth of the
jet, leading to a critical capillary number for the transition
given by Cacr = tpinch/tgrowth = µcQd/σR2

jet ∼ 1. When
Ca < Cacr, the interface instability will grow as soon as the

emerging jet is long enough to sustain an instability, consistent
with dripping, whereas for Ca > Cacr, viscous stresses on the
interface are large enough to suppress the instability and allow
for a longer thread. Zhou et al argue similarly that dripping
will give way to jetting when disturbances on the interface
are convected downstream before they can be amplified. This
leads to a critical Weber number for the transition given by
Wecr ∼ ρdR

3
jetV

2
jet/σλ2

w, where Rjet and Vjet are the radius
and velocity of the jet, respectively, and λw is the wavelength
of the capillary wave. Analysing this expression leads to the
conclusion that the critical Weber number for the transition
scales as Wecr ∼ ϕ−1/2 if the inner liquid flow rate Qd is held
fixed, or as Wecr ∼ ϕ3/2 if the outer liquid flow rate Qc is held
fixed. These scaling behaviors have not been compared with
experiments.

Similar arguments for the dripping-jetting transition arise
from more detailed stability analysis. For example, Ganan-
Calvo [79,80] performed a linear stability analysis of a focused
liquid thread stretching in an extensional flow. The analysis
shows that the dripping-jetting transition can be described
by a convective-absolute instability in which the dripping
mode is characterized by an absolutely unstable jet, and the
jetting mode is characterized by a convectively unstable jet,
in which disturbances can be carried downstream along the
jet for a distance prior to breakup [79, 80]. The authors report
calculation of the critical values of We and Ca for the transition,
parametrized by the density and viscosity ratios. Along the
same lines, Hardt [81] analysed the stability of a focused
thread in a gradually converging channel and found a similar
progression of droplet breakup modes to those observed in
experiments. This study predicts the location of jet breakup,
showing that this location can reside within the focusing orifice
or beyond it.

In jetting, the droplet size is proportional to the jet size.
Utada et al [72] reported good agreement with experiments in
an axisymmetric geometry when they assumed that the droplet
volume is proportional to the product of the rate of flow into
the jet and the characteristic pinch time for a viscous thread
tpinch ∼ Rjetµc/σ , leading to the estimate

d = 2

(
15Qd

π

Rjetµc

σ

)1/3

. (19)

The formation of bubbles in flow focusing is similar to that
of droplets, although a few additional breakup modes have been
reported. Garstecki et al [65] report that for extremely small
capillary numbers, 10−1 < Ca < 10−3, the bubble volume is
proportional to the gas pressure and inversely proportional to
the liquid flow rate and the liquid viscosity:

Vb ∝ pd/µcQc. (20)

This relationship has been confirmed numerically [38,74] and
in separate experiments [69]. The authors rationalize this
observation by suggesting that the pinchoff of a bubble in
this regime is driven solely by the increased pressure arising
from the obstruction of the orifice by the emerging finger. The
argument is similar to that used above for the formation of plugs
in confined cross-flowing streams [59]. The mechanism works
as follows: initially, the dispersed phase liquid is drawn into the
orifice, forcing the continuous phase liquid to flow in a narrow
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Figure 5. Nonlinear behaviour of an ‘inverted dripping faucet’
observed in bubble formation in microfluidic flow focusing. Period
doubling, tripling and halving bifurcations in the bubble diameter
are observed as the flow rate increases. (Reprinted with permission
from [37], Copyright 2005, by the American Physical Society.)

region around the interface. To maintain the applied flow rate,
a higher pressure is needed in the continuous liquid stream
in order to drive flow through the narrow region. The higher
upstream pressure leads to pinching of the interface, which
progresses until a discrete bubble separates from the initial
finger. Once the bubble has formed, the gas finger retracts
to a position upstream of the orifice. In this same regime, the
authors note the observation that the collapse rate of the bubble
neck is proportional to the liquid flow rate, but is independent
of the surface tension and the liquid viscosity. Furthermore, the
authors argue that the lack of dependence on capillary pressure
suggests that the liquid interface is stable against capillary wave
instabilities throughout most of the pinchoff process. Indeed, a
comparison of digitized interfaces with computed equilibrium
shapes shows excellent agreement throughout the process. The
observed capillary-independent scaling was also observed in
numerical simulations in planar geometries [28], but numerical
simulations in axisymmetric geometries show the expected
dependence of collapse velocity on surface tension [38,74]. A
recent, more general stability analysis of the bubble collapse
in rectangular contractions with varying aspect ratio shows
that indeed, the squeezing of the bubble thread occurs due to
the liquid flow around the thread until the minimum width
of the thread falls below the height of the channel. At this
point, radial squeezing begins and the final rapid collapse of
the bubble occurs due to the inertia of the two fluids rather than
a capillary instability [35]. The aspect ratio in fact controls the
rate of pinching, such that more reproducible bubble formation
is possible when the aspect ratio wor/h is larger. While the
axisymmetric simulations [74] suggest that the bubble volume
scales with the downstream tube diameter, as Vb ∝ d4

o , this
scaling has not been validated experimentally. A similar
pinchoff behaviour has also been reported in droplet formation
[52], but the above scaling behaviour has not been quantified
for those experiments. Finally, bubble pinchoff exhibits a rich
dynamical behaviour at moderate values of the Weber number
[37]. As figure 5 shows, period doubling bifurcations and
apparently chaotic behaviour have been observed, consistent
with the well-known behaviour of dripping faucets at the
macroscale [11].

In addition to the droplet size and the critical parameters
between transitions, parameters such as the droplet formation

frequency f , the droplet spacing s, and the droplet velocity U

have also been measured. Specifically, Ward et al [71] suggest
that geometric arguments lead to the relationship

f s = U, (21)

and found that this relationship holds experimentally, when
independent measurements of all three variables are compared.

3.3.1. Generating sub-micron droplets in microfluidics.
Despite the promise of microfluidic droplet technologies, the
droplet sizes produced in all of the above geometries are
rarely smaller than a few micrometres in diameter, largely
because the pinchoff process is strongly influenced by the
smallest feature size in the device (i.e. the constriction orifice
or junction geometry) [64, 65]. Microfluidic methods for
producing droplets smaller than one-tenth of the orifice size
are relatively few. For example, electrohydrodynamic jetting
has been implemented in a microfluidic device to produce
particles 1–10 µm in size [11]. The resulting particles are
highly polydisperse compared with other microfluidic droplet
formation methods. Tan and Lee [67, 82, 83] observed the
formation of tiny satellite droplets in between the primary
droplets, and developed a microfluidic separator to collect
these satellites. Most recently, Anna and Mayer [52] reported
on a new mode of droplet formation that occurs in the presence
of dissolved surfactants. At surfactant concentrations near the
critical micelle concentration (CMC), and in a specific range of
Ca and ϕ values, the authors observe that the emerging droplet
forms a conical shape, and that tiny liquid threads stream from
the tip of the cone. Images from these experiments are shown
in figure 6(a). The liquid threads grow longer as the flow
rate ratio decreases, and subsequently break into a series of
tiny droplets, one or two microns in diameter. The observed
process resembles a phenomenon called ‘tipstreaming’ that
has previously been reported in larger scale isolated droplets in
unbounded linear flows [54,84]. Although this process appears
to require surfactants to occur, two separate numerical studies
report a similar tipstreaming process in flow focusing [28],
and co-flowing [75] geometries, where surfactants are absent
in both cases. Suryo and Basaran demonstrate that this process
occurs due to the presence of a nonlinear extensional flow
near the tip of the forming droplet, an observation that has
previously been reported in theoretical and numerical studies
[85–87]. As the outer liquid passes the tip of the inner capillary
tube, the velocity field acquires a radially inward component,
which must gradually convert to a purely axial velocity. This
spatial dependence of the velocity field leads to a nonlinear
extensional strain, which is capable of focusing the emerging
finger at higher flow speeds. The authors argue that the
transition to tipstreaming occurs when

Ca−1
d < (λϕ)−1, (22)

where in this case the capillary number is defined in terms
of the dispersed phase flow rate, Cad = 4µdQd/σπw2

d.
Images of interface shapes resulting from the numerical
simulations during thread formation and tipstreaming are
shown in figure 6(b). While experimental observations of
surfactant-free tipstreaming have not been reported, it is
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Figure 6. Images depicting tipstreaming in (a) flow focusing
experiments using near-CMC surfactant solutions. (Reprinted with
permission from [52], Copyright 2006, American Institute of
Physics.) (b) Numerical simulations of droplet breakup in
co-flowing streams. (Reprinted with permission from [75],
Copyright 2006, American Institute of Physics.) In both cases, the
thread length grows as the flow rate ratio ϕ decreases, and the
critical flow rate ratio for observing tipstreaming is similar.

notable that these regimes occur at very similar values of the
flow rate ratio in both experiments [52] and simulations [75].

In the microscale tipstreaming process of Anna and Mayer
[52], a large droplet is formed initially, similar to the process
used by Tan and Lee [83]. Thus, separation of the larger
droplets will be essential to the success of any application that
utilizes these micrometre-scale droplets. The size and polydis-
persity of the resulting micrometre-scale droplets depends on
the ability of the fine liquid thread to stretch rapidly before it
disintegrates. Anna and Mayer observed that the thread length
increases with decreasing flow rate ratio, i.e. when the outer
liquid is flowing significantly faster than the inner liquid. In
addition, the thread length is observed to follow the outer flow
field affinely for a time, suggesting that control over the down-
stream velocity profile will be a key factor in controlling the
size of the resulting droplets. Finally, it is worth noting that,
as droplets produced become ever smaller, the available tech-
niques for measuring these droplets are few. Optical meth-
ods such as light microscopy have reached the limit of their
resolution, while other characterization methods such as scat-
tering techniques require large sample volumes and extended
measurement timescales in order to achieve meaningful sig-
nals. Development of useful characterization techniques for
microfluidics will be an important area of future research.

4. Microfluidic methods using actuation or external
forces

This review is primarily focused on passive droplet breakup
methods in which viscous stresses and interfacial tension lead
to interfacial instabilities and the pinchoff of discrete droplets.
A number of methods have also been demonstrated in which
an external force is applied to actuate pinchoff. External
forces offer additional handles for control over the droplet size
and pinchoff frequency. We briefly review some examples of
actuated microfluidic droplet breakup systems in this section.

A typical actuation mechanism utilizes a flexible
membrane that is deflected using a piezoelectric transducer.
A well-known example is that of ‘drop on demand’ inkjet
printing technology, in which a droplet is forced out of a
microfabricated nozzle by the deflection of a membrane in
contact with the reservoir. The nozzle size is small enough
that droplets are not formed unless the membrane is deflected.
Similar to passive methods described above, a number of
regimes exist characterizing the behaviour of droplet breakup.
Specifically, droplets are not formed until the actuation voltage
of the piezoactuator is increased above a critical value, at which
point droplets are formed in a jetting regime [88]. The primary
droplet size is a function of both fluid properties and nozzle
diameter, but the actuation voltage magnitude only affects
primary droplet velocity, not primary droplet size [15]. The
voltage waveform used for actuation controls the formation of
satellite droplets and can eliminate them entirely, leading to the
reproducible formation of uniform primary droplets [14, 15].

A deflecting membrane has been used in conjunction with
a microfluidic T-junction, where the membrane is positioned
between the dispersed phase channel and a secondary actuation
channel [89]. The actuation channel is filled with water
and actuated by increasing the water pressure to deflect the
membrane. Deflecting the membrane alters the instantaneous
flow velocity of the dispersed phase liquid, modulating the
natural frequency at which droplet production occurs. If the
forcing frequency is a multiple of the natural frequency, droplet
formation is periodic and occurs at a rate faster than the natural
frequency of droplet production. In this case, the droplet
size is observed to decrease linearly with increasing forcing
frequency over a wide range of forcing frequencies. When
the driving frequency is not commensurate with the natural
frequency, droplet formation is irregular.

Actuated breakup has been implemented in a microfluidic
flow focusing device, in which pressure chambers are placed
on either side of the flow focusing orifice [90, 91]. When
the chambers are actuated pneumatically, the channel walls
collapse around the thread, causing it to pinch off. The
resulting droplet size is a strong function of actuation frequency
and the flow rate ratio used to create the fluid thread. This
method has been implemented with a single actuation point
[91] or with a line of ‘choppers’ simultaneously actuating at
multiple points along the channel [90].

Electric fields offer an alternative means of actuating
breakup of a liquid thread. For example, a flat interface
between immiscible dielectric liquids deflects in a local electric
field created by deposited electrodes [92, 93]. The deflection
triggers an interfacial instability that grows, and the thread
ruptures when the interface collides with the opposing wall.
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In this case, the droplet size is dependent on the flow rates
and the strength of the electric field. Electric fields have also
been used to draw a liquid interface into a contraction [94,95].
When this occurs, a thin jet forms and emits a droplet when
it grows long enough to sustain an interfacial instability. By
pulsing the electric field, this method is analogous to the ‘drop
on demand’ inkjet printing method.

It is also possible to actuate droplet breakup by modulating
the driving flow itself, through precise control of the time-
dependent volumetric flow rate. In one example, flow is
driven into a quiescent chamber at a desired flow rate for a
specified duration. Reversing the flow at a much larger flow
rate precipitates detachment by causing a sudden backpressure
and necking of the thread [96]. The product of the inlet
flow rate and the duration of influx of liquid determine
the droplet volume. This method can successfully generate
femtolitre sized droplets, a single droplet at a time, in an
otherwise quiescent reservoir, but the method requires precise,
programmable syringe pumps and the capability to visualize
the interface as it approaches the reservoir inlet.

Finally, a few methods are inherently passive, but employ
additional effects that modulate the breakup of the liquid
thread. For example, if the flow of the immiscible liquids
into a T-shaped microchannel is reversed from the typical
configuration, such that the continuous phase liquid travels
into the perpendicular side arm, a finger of the dispersed
phase liquid will extend into the junction, and the squeezing
flow of the continuous phase liquid will promote droplet
breakup [97, 98]. As expected, the droplet breakup regimes
depend on the flow rates of the continuous and dispersed phase
liquids. Creating heterogeneous wetting ‘patches’ within
a microfluidic geometry can also direct the motion of the
interface and promote breakup [99]. Also, the downstream
channel geometry can be used to modulate breakup. For
example, expansions and contractions create pinching points
that promote breakup of a liquid thread at specific locations
[100]. In this case, a thread of dispersed phase liquid is
generated in the usual way, but the thread does not break
immediately due to viscous stabilization of the interface by
flow. When the flow is stopped, the pinching points lead to the
formation of an individual droplet in each expansion region.
The droplet size in this case is weakly related to the dispersed
phase flow rate, and strongly dependent on the chamber and
channel dimensions.

5. Applications of droplets in microchannels

In this review, we have focused primarily on describing
the state-of-the-art in our understanding of the mechanisms
for droplet and bubble formation in microfluidic geometries.
Despite the many fundamental questions that remain to
be answered in this regard, it is clear that microfluidic
technologies offer an efficient means of producing highly
uniform droplets and bubbles, and also a convenient
mechanism for manipulating their downstream motion. These
capabilities have led to the development of several novel
applications that could not have been realized using other
technologies. We highlight a few key examples; many of
them have developed a large literature of their own and some
have been reviewed elsewhere. Applications of droplet-based

Figure 7. Examples of complex polymer particles fabricated using
microfluidic droplets as templates. Nonspherical particles such as
(a) plugs and (b) discs are fabricated using microchannels to confine
the droplets. (Reprinted with permission from [145], Copyright
2005, American Chemical Society.) (c) Janus particles with two
distinct halves are fabricated exploiting laminar microfluidic
streams. (Reprinted with permission from [126], Copyright 2006,
American Chemical Society.) Compound droplets can be created in
both (d) flow focusing. (Reprinted from [72] with permission from
AAAS) and (e) by applying sequential breakup in a T-junction.
(Reproduced from [152] by permission of The Royal Society of
Chemistry). (f ) Asymmetric splitting can be used to create a
bidisperse emulsion. (Reprinted with permission from [153],
Copyright 2004 by the American Physical Society.) (g) Highly
ordered foams can be generated using flow focusing devices.
(Reprinted with permission from [154], Copyright 2006 by the
American Physical Society.)

technologies fall into two major categories: (a) design of
lab-on-a-chip devices using droplets as tiny reactors, and
(b) synthesis of precise materials such as highly uniform micro-
and nanoparticles, compound droplets, foams and emulsions.

The use of droplets as reactors for miniaturized chemical
and biological assays has been extensively reviewed in a
recent paper by Song et al [21]. The key advantage of using
droplets for these reactions is that the compartmentalization of
material into the droplets allows for rapid mixing, reaction and
transport of tiny (femtolitre to microliter) volumes of reagents,
detection and control of reaction kinetics, and manipulation of
droplet contents via control over the flow streams. Droplet-
based assays have already been demonstrated for protein
crystallization [101], enzyme kinetics studies [102], DNA
and blood analysis [103–105] and others [2]. Droplets
formed in microfluidic processes have also been used as
reactors for synthesizing uniform nanoparticles [106–108].
In the design of droplet-based devices, the key challenges
include controlling and accelerating mixing inside droplets
[109, 110], preventing or promoting coalescence of droplets
[111–113], sorting and directing droplet motion based on the
information they contain [114–116], and detecting the results
of compartmentalized reactions [117, 118]. Droplets are also
convenient vessels for encapsulation, protection and transport
of cells, and the development of cell-based assays [119–122].

Highly uniform droplets facilitate the synthesis of a wide
variety of useful and novel materials. Several examples
are shown in figure 7. For example, synthesis of solid
microparticles simply requires a method of solidifying the
droplet interior. Droplets can be created using co-flowing
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Table 1. Summary of solid microparticles fabricated using microfluidic droplet formation methods to template the synthesis. The particle
composition and solidification procedure are listed.

Geometry Solidification process Particle composition

Flow Focusing Self assembly • Polystyrene–polymethylmethacrylate block copolymer [123]
UV photo-polymerization ex situ • Dextran-hydroxyethyl methacrylate hydrogel [124]

UV photo-polymerization in situ

• Polymethacrylate [125]
• Methacryloxypropyl dimethylsiloxane [126]
• Poly(ethylene glycol) diacrylate with pentaerythritol triacrylate [126]
• Tripropyleneglycol diacrylate [127–130]
• Ethyleneglycol diacrylate [131]
• Divinylbenzene [131]
• Ethyleneglycol dimethacrylate [127, 132]
• Pentaerythritol triacrylate [131, 132]
• Pentaerythritol tetraacrylate [128, 132]
• Acrylamide [133]
• Dimethacrylate oxypropyldimethylsiloxane [128]

Solvent extraction • Polystyrene [134]
• Polystyrene, alginate, poly(lactic-co-glycolic acid) [135]

Ionic crosslinking • Calcium alginate [136–139]
• Chitosan [140]

Cooling of molten material
• Polystyrene [134]
• Gelucire [134]
• Agarose [128]

Cross-flowing streams Self assembly • Organosilane [141]

Thermal polymerization ex situ

• Polydivinylbenzene [142]
• Polystyrene [143]
• 1,6 Hexanediol diacrylate [57]
• Isobornyl acrylate [57, 144]

UV photo-polymerization in situ • Norland Optical Adhesive 60 [145]

UV photo-polymerization ex situ
• Polymethylacrylic acid with Ethyleneglycol dimethacrylate [146]
• 1,6 Hexanediol diacrylate [57]
• Isobornyl acrylate [57]

Co-flowing streams UV photo-polymerization in situ • 4-Hydroxybuthyl acrylate [147]
Solvent extraction • Mixed metal oxide hollow spheres [131]
Redox-initiated crosslinking • N-isopropylacrylamide [129]

streams, cross-flowing streams or flow focusing geometries,
as long as the dispersed phase liquid consists of a primer
material that can be solidified or hardened through initiation
downstream. Most processes to date make use of polymers
that are crosslinked either through thermal initiation or photo-
polymerization, while metallic particles and biopolymers
have been synthesized via self-assembly and biochemical
crosslinking. Table 1 summarizes the main processes and
materials that have been used to make microparticles, where
microfluidic droplet breakup has specifically been used to
create the template for the particle. We distinguish between
solidification processes that occur in situ within a microfluidic
device, and those in which droplets are fabricated in a
microfluidic device and then solidified in a batch reactor
outside of the microdevice. The table demonstrates that a wide
variety of materials and solidification processes are feasible for
microparticle fabrication within microchannels.

In addition to homogeneous particles the flexibility of
microfluidics also allows the design of compact processes
to fabricate more complex particles. Some examples, with
a selection of representative images shown in figure 7,
include Janus particles, which contain two distinct parts
with different wetting properties [126, 133, 144], particles

with embedded colloids or nanoparticles [134, 143], core-
shell particles [123, 127, 131] and particles imprinted with
specific molecules [146]. Non-spherical particles have
been fabricated by adjusting channel dimensions downstream
[133, 145]. Spherical capsules have been fabricated by
polymerizing the interface of microfluidic droplets [130], and
cylindrical capsules have been fabricated via a combination of
hydrodynamic focusing of a viscoelastic jet and stabilization of
the interface with particles [148]. For a more comprehensive
look at microparticle fabrication we suggest a number of recent
reviews [141,149–151].

One of the more interesting examples of a complex
particle is a compound droplet or ‘double emulsion’,
consisting of a collection of droplets within another droplet,
which is itself surrounded by an external liquid. Such
constructions are valuable in particular for applications in
which controlled delivery of a drug or other species is desired;
however, fabrication is difficult to control in conventional
processes. Microfluidic droplet formation has proved useful
for fabrication of compound droplets, in which the size,
number and composition of both the internal and external
droplets can be tuned. Controlling the wettability of the
microchannel walls is one key to successful formation of
compound droplets [43, 155]. Compound droplets have been
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formed via sequential application of microfluidic droplet
breakup in T-shaped cross-flow junctions (see figure 7(e))
[152,156], and via coaxial co-flowing streams in axisymmetric
flow focusing devices (see figure 7(d)) [43,72]. Utada et al [72]
provide simple scaling arguments to show how the internal
and external droplet sizes depend on the applied flow rates.
Zhou et al reproduce this process numerically, and demonstrate
through simulations that the successful encapsulation of a
droplet inside another droplet occurs when the capillary wave
instabilities along each of the liquid–liquid interfaces are
coordinated. Furthermore, the breakup of the inner jet is purely
capillary wave driven, while the outer interface breaks up due
to a combination of viscous drag on the interface and capillary
wave instabilities. The difficulty in coordinating these two
processes leads to the observation in both experiments and
numerics that compound droplet formation is more irregular
than the formation of simple droplets in microfluidic processes.
In principle, the number of droplets encapsulated is related to
the ratio of the most unstable wavelengths, which is in turn
related to the ratio of applied flow rates. Numerical simulations
have only achieved encapsulation of up to two droplets [28],
while several droplets have been successfully encapsulated
experimentally [72] using these principles.

Collections of monodisperse particles form highly ordered
arrays; modifying the particle shapes or introducing additional
controlled size populations allows for even more interesting
self-assembled structures (see figure 7(f )) [157]. Ordered
arrays of microdroplets have been used as an alternative
to standard well-plates for protein crystallization assays
[158]. More fundamentally, ordered arrays of droplets
exhibit surprising long-range interactions that lead to collective
normal vibration modes, analogous to phonons [159].
Numerous studies have focused on the production of foams;
fabrication of devices in glass rather than polymers allows
high rate production of uniform foams [47]. The flow
behaviour and structure of these foams has been examined
in detail when confined within microfluidic channels (see
figure 7(g)) [154,160–162]. Garstecki and co-workers [163]
have recently demonstrated that ordered foams can be used
as stable diffraction gratings in which the pitch, or diffraction
angle, can be tuned by varying the flow rates and pressures
applied to the system.

6. Summary

Microfluidics has emerged as a versatile approach to generating
continuous streams of uniform emulsion droplets. Several
related microfluidic methods have developed based on
pressure-driven flow of immiscible liquids in a complex
microfluidic junction. We have organized these methods into
three categories based on the flow field in the junction: methods
that utilize co-flowing fluid streams to break droplets, methods
that utilize cross-flowing fluid streams and methods that utilize
elongational flows. Each of these methods produces droplets
comparable in size to the characteristic geometric length scales
of the device, in a steady, periodic manner. Droplet sizes
depend on the volumetric flow rate or pressure imposed in
each liquid phase to drive the flow; in general droplet sizes
range from 1 to 100 µm in diameter, corresponding to volumes

ranging from femtolitres to nanoliters. The droplet sizes are
very uniform, with polydispersity as low as 1–3%.

Examining the mechanisms for droplet breakup in each
of the three primary geometries, several common themes
emerge. In all cases, droplet formation appears to occur in
a nominally two-stage process. Initially, fluid stresses in the
neighbourhood of the emerging droplet interface act to stretch
and deform the interface. Some time later, the neck of the
droplet begins to thin. During thinning, the droplet continues
to fill with dispersed phase liquid. The final size of the droplet
depends on the volume of liquid that was able to enter the
droplet prior to breaking of the neck. The droplet diameter
decreases as the capillary number increases, due to increased
viscous stresses acting to deform the droplet. The droplet
diameter increases as the ratio of flow rates increases, since
the emerging droplet can be filled at a relatively higher rate.
The precise dependence of droplet size on the flow parameters
depends on the specific geometry considered.

In microfluidic droplet formation using co-flowing
streams and flow focusing geometries, two predominant modes
of droplet breakup are observed. At low capillary numbers,
dripping is observed, in which droplets pinch off near the
junction. As the capillary number increases, the emerging
finger remains stable for a distance downstream prior to
breaking. This mode is called ‘jetting’. In all cases the
transitions have been characterized as well as the droplet size
variation within each regime. A simple phenomenological
model has been proposed to predict the resulting droplet size
in the co-flowing geometry; a similar model is not available
for microfluidic flow focusing. In cross-flowing streams, the
breakup dynamics depend on how strongly the cross-flow
junction confines the emerging droplet. When the droplet is
unconfined, the capillary number controls the droplet size and
small spherical droplets form. However, confinement modifies
the scaling behaviour even at high capillary numbers. When
the droplet is highly confined, the flow rate ratio controls the
droplet size, and droplets form long slugs in the downstream
channel. Simple models have been proposed for cross-flow
geometries as well, although these seem to be specific to the
precise geometry of the device. Finally, additional interesting
droplet breakup modes have been reported, including a bubble
breakup mode at very low capillary number in which pinching
of the neck appears to be independent of capillary pressure.
In flow focusing, surfactants dissolved in the liquids lead to
the formation of very fine threads in a specific range of flow
rates. This ‘tipstreaming’ phenomenon may be useful for the
production of very tiny droplets.

Numerous novel applications have emerged based on these
capabilities, ranging from the synthesis of precise emulsions,
foams and particles, to the design of miniaturized biochemical
assays. Despite the progress in these areas to date, there are
still many possibilities for future research and development.
Fundamentally, there are still numerous questions that remain
about the mechanisms for droplet breakup. Particularly in
the flow focusing geometry, there is not a simple mechanistic
model available that can predict droplet size over a wide range
of flow conditions. On the other hand, scaling behaviour has
been suggested but experimental validation of the suggested
scaling is not available for most cases. In cross-flowing
streams, the crossover from unconfined to confined breakup,
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in which both viscous stresses and pinching pressure due to
obstruction of the channel are likely to be important, has not
been well characterized. Finally, the recent observation that
pressure control yields different scaling of the droplet size than
volumetric flow rate control has not been explained.

In addition to the basic droplet formation mechanisms,
several possibilities have emerged for further control over the
droplet formation process. Obtaining a deeper understanding
of the mechanisms underlying the tipstreaming process will
allow greater control over the sustained formation of fine-
scale droplets. Developments in this area would need to
be accompanied by development of in situ characterization
methods for detecting and measuring fine-scale droplets as
they form. Viscoelastic behaviour in the dispersed phase will
also strongly influence droplet breakup and can potentially
be exploited to generate stable filaments. Finally, scaling
of these processes to increase yield and throughput will
necessitate engineering of interconnected microchannels, and
an understanding of the dynamical behaviour of interacting
elements within these networks. As new capabilities emerge,
the possibility for development of new applications of droplet-
based microfluidic systems will continue to grow.
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