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Abstract—Microfluidics affords precise control over the flow of multiphasic fluids in micron-scale channels. By manip-
ulating the viscous and surface tension forces present in multiphasic flows in microfluidic channels, it is possible to pro-
duce highly uniform emulsion droplets one at a time. Monodisperse droplets generated based on microfluidics are
useful templates for producing uniform microcapsules and microparticles for encapsulation and delivery of active
ingredients as well as living cells. Also, droplet microfluidics have been extensively exploited as a means to enable high-
throughput biological screening and assays. Despite the promise droplet-based microfluidics hold for a wide range of
applications, low production rate (<<10 mL/hour) of emulsion droplets has been a major hindrance to widespread uti-
lization at the industrial and commercial scale. Several reports have recently shown that one way to overcome this chal-
lenge and enable mass production of microfluidic droplets is to parallelize droplet generation, by incorporating a large
number of droplet generation units (N>>100) and networks of fluid channels that distribute fluid to each of these gen-
erators onto a single chip. To parallelize droplet generation and, at the same time, maintain high uniformity of emulsion
droplets, several considerations have to be made including the design of channel geometries to ensure even distribu-
tion of fluids to each droplet generator, methods for large-scale and uniform fabrication of microchannels, device mate-
rials for mechanically robust operation to withstand high-pressure injection, and development of commercially feasible
fabrication techniques for three-dimensional microfluidic devices. We highlight some of the recent advances in the

mass production of highly uniform microfluidics droplets via parallelization and discuss outstanding issues.
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INTRODUCTION

Microfluidics is the science and technology of precise manipu-
lation of fluids in micro-scale channels. The early applications of
microfluidics include single-phase fluids for chemical reaction/
analysis and fluid rheology, which allow the use of small volumes
of samples and rapid analyses [1,2]. Microfluidic technology has
also enabled unprecedented control over flows involving multi-
phasic fluid mixtures, which has been used to generate highly
monodisperse emulsion droplets. Such a development has led to
the advent of droplet-based microfluidics. The most distinguish-
ing and unique features of droplet-based microfluidics are precise
formation and manipulation of droplets allowing for high speed
droplet generation, mixing, separation, split and coalescence [3-7].

Droplet formation units can be classified into T-junctions and
flow-focusing channels. In each of these configurations, a dispersed
fluid phase is compartmentalized into many small droplets in the
continuous fluid phase by the balance between the shear and sur-
face tension forces. During droplet formation, the interplay of dif-
ferent forces, as represented by dimensionless numbers such as
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Capillary (ratio of viscous force and interfacial tension) and/or
Weber numbers (ratio of inertial force and surface tension force),
affects the dynamics of droplet formation [8,9]. The generated
monodisperse droplets from microfluidics are useful templates for
producing monodisperse microcapsules and microparticles for the
encapsulation and delivery of active ingredients such as drugs, nutri-
ents and fragrances as well as living cells [10-12]. In these applica-
tions, uniformity can provide several advantages such as the syn-
thesis of highly uniform particles and gas bubbles for biomedical
applications where delivery of precise amounts of an active ingre-
dient is critical. In addition, uniform droplets that range in volume
from femtoliter to nanoliter have been used as isolated microreac-
tors for enzyme reactions, digital polymerase chain reaction (PCR),
and nanoparticle synthesis [13-17]. Moreover, compartmentaliza-
tion of a large number of liquid and solid samples into many pico-
liter droplets has been used for high-throughput screening [18-21].

Despite these promising demonstrations in high throughput
screening and materials synthesis, droplet production rate in a sin-
gle microfluidic unit remains low; which has limited the transla-
tion of the laboratory-scale success to commercial-scale production
and manufacturing. A typical single droplet generator can produce
in the range of 0.1-10 mL/hour of emulsion droplets with extremely
narrow size distribution (typically; the coefficient of variation (C.V)
is less than 5%), whereas much greater scale (well above L/hour) is
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Fig. 1. Microfluidic channel design for uniform distribution of fluids. (a) Schematic diagram for circular array of 144 droplet generators. (b)
Three-dimensional flow simulation in a module having distribution channels when microfluidic chip is disconnected. Large varia-
tions are observed in channels. (c) In the presence of microfluidic chip, the variations are dramatically reduced in distribution chan-
nels due to higher channel resistance. Reproduced by permission of The Royal Society of Chemistry [28].

required for commercial-scale manufacturing [22,23]. Conven-
tional emulsification methods (high-speed blenders, mills, and
ultrasonic homogenizers) that apply high shear force to a large
volume of two immiscible phases can produce emulsions at the
rate of 100-20,000 L/hour; however, the produced droplets have
wide size distributions with C.V. well above 30% [24]. Thus, to
ensure that multiple areas benefit from the use of droplet-based
microfluidics, it is imperative to enable the scale-up of droplet gen-
eration [23,25-27]. One possible solution is the large-scale parallel
integration of droplet generation units, enabling the use of single-
set of injection ports; that is, a large number of droplet generators
are incorporated onto the same chip and fluid is distributed to
these generators from a single set of fluid inlets. Due to the large
number of droplet generators (N~1,000) needed to attain commer-
cially relevant flow rates (>1 L/hr), three-dimensional channels are
required to implement this parallelization.

In this review; we highlight recent advances in the fabrication of
three-dimensional microfluidic devices to enable mass production
of uniform emulsion droplets. As will be discussed below; several
critical considerations should be made, including the design of
channel geometries to ensure even distribution of fluids to each
droplet generator, methods for large-scale and uniform fabrica-
tion of microchannels, device materials for mechanically robust
operation to withstand high-pressure fluid injection, and develop-
ment of commercially feasible fabrication techniques for three-
dimensional microfluidic devices. We also discuss some of the
outstanding challenges to further translate droplet-based microflu-
idics into the industrial scale production of emulsions.

PARALLELIZATION OF DROPLET GENERATION
To achieve parallelization of droplet formation, three-dimen-
sional channel geometries are essential to integrate both droplet

generators and the fluid channels that distribute fluid to each gen-
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erator from a single set of fluid injection ports. A typical parallel
droplet generation microfluidic device is composed of three lay-
ers, including a droplet generation layer, a delivery layer, and an
intermediate layer. The intermediate layer having through-holes
connects the generation layer and the delivery layer. From a single
set of inlets for the fluid phases (e.g., oil and water), fluids are dis-
tributed to the droplet generators via distribution channels and
through-holes. The most important consideration is that the flow
rates of the two fluids in all of the generators should be kept even
and uniform to ensure a narrow dispersion of droplet size.

Two most common designs used for distribution channels are
ladder-like geometry and tree-like branched geometry. The ladder
geometry has main distribution channels for the fluid phases,
which are connected to droplet generators (Fig. 1(a)). Nisisako et
al. simulated such a three-dimensional flow to evaluate the fluid
velocity in annular distribution channels that have 30,000 times
larger cross-sectional area than that of droplet generator channels
[28]. The results show uneven fluid distribution in annular distri-
bution channels without droplet generators (Fig. 1(b)). In contrast,
the distribution channels that are coupled to droplet generators
show more uniform distribution of the fluids (Fig. 1(c)). This find-
ing indicates that the microchannel dimension significantly affects
the uniform distribution of fluids.

A recent study has proposed a quantitative approach to achieve
uniform flow rates across all of the generators in the ladder-like
geometry. It was shown that the hydraulic resistance of delivery
channel (R;) between two adjacent droplet generators should be
much less than that of the droplet generators (R,) (Fig. 2). The
hydraulic resistance for laminar flow through a rectangular chan-
nel can be estimated using the following equation [28,29],

R=12kaf3(l—0.63(‘%)j_l 1)

where y is the dynamic viscosity of the fluid and w; h, and / are
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Fig. 2. A model for hydraulic resistances in the ladder-like network
of channels. R; indicates the resistance of distribution and
collection channels, and R, indicates the resistance of drop-
let generator channel.

the width, height, and length of the channel, respectively. The aspect
ratio is used as either height/width or width/height such that 0<
(h/w or w/h) <1. Assuming that there are two droplet generators
that are connected in parallel, the ratio of flow rates in two droplet
generators can be expressed as Q,/Q,=1+2(R4/R,). The two drop-
let generators would have essentially the same flow rates when the
ratio of the resistances becomes negligible (e.g, R/R,<<0.01); in
other words, the maximum difference in flow rates between the
two generators is 2(Ry/R,). In the presence of N number of drop-
let generators (R, Ry, Ry, > Ryy), this argument can be modified
that to keep the flow rates of the fluids in all of the generators uni-
form, the following inequality has to be satisfied,

2NgG:—j) <001 ®

where R is the fluidic resistance along the delivery channel between
each droplet generators, R, is the fluidic resistance of individual
droplet generators, and N, is the number of droplet generators in
each row. Using this argument, ladder-like channels can be designed
to give uniform flow rates of the fluids in all N, generators. Several
reports have shown that highly uniform emulsion droplets rang-
ing in size between 45.0 and 90.7 um can be produced at the pro-
duction rates ranging from 8 and 1,500 ml/hr [28,30,31].

The tree-like branched channel network, as shown in Fig. 3, has
the advantages of evenly and symmetrically dividing fluids in
branched channels and increasing the number of droplet genera-
tors starting from one set of inlets without the need to consider
the hydrodynamic resistance of each channel [32,33]. And a recent
report demonstrated a device with 512 parallel generators by
three-dimensional stacking of droplet generators, enabling 1L/
hour production rate of 100 pum emulsion droplets [34]. Although
the design and implementation of tree-like branched geometry
have the advantage of simplicity, the ladder-like geometry offer
two significant advantages over tree-like geometry. In typical tree-
like branched geometry, a significant space has to be invested in
the placement of the branches. In contrast, it is possible to design a
two-dimensional array of droplet generators with extremely high
density using the ladder geometry. A recent study showed that
1,000 droplet generators could be placed on a 6.0x5.0 cm” area. In
the ladder geometry, if the resistance ratio of the delivery channel
and droplet generator is sufficiently large, fluid distribution is not
significantly affected by a droplet generator becoming clogged. In
the tree geometry, however, clogging of one channel in the branched
channels significantly affects the flow distribution due to the break-
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Fig. 3. Tree-like branched distribution channels for parallelization
of droplet generators. (a) A simple two-dimensional tree-like
distribution channel connected to 16 droplet generators. (b)
A fractal three-dimensional tree-like distribution channel for

connecting 128 droplet generators. Reproduced by permis-
sion of The Royal Society of Chemistry [33,34].

ing of symmetry [35]. One consideration that has not been ac-
counted for in the generation of emulsions using parallel devices is
the deformation of PDMS microchannels under high pressure.
While it has been recognized that the deformation of a single drop-
let generator can affect the emulsion uniformity [7], currently lit-
tle is understood on how channel deformation would affect the
droplet formation in parallel devices, which warrants future inves-
tigation.

MATERIALS AND FABRICATION METHODS FOR
PARALLEL MICROFLUIDIC DEVICES

A microfluidic device for mass production of emulsion drop-

Korean J. Chem. Eng.(Vol. 33, No. 6)
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lets can be fabricated using different techniques and materials [36-
38]. Because the mass production of microfluidic droplets typi-
cally requires the use of a complex three-dimensional channel geom-
etry, it is important to understand the advantages and disadvantages
of each method and material that is used for microfluidic channel
fabrication. Prudent selection of methods and materials will enable
the fabrication of densely packed generators with high repeatabil-
ity, reliability and precision. In this section, we summarize differ-
ent materials and fabrication techniques that have been used to
prepare microfluidic devices for the mass production of emul-
sions and discuss the advantages and disadvantages of each mate-
rial and method. In particular, we discuss different methods that
have been used to bond different layers that are separately pre-
pared to form three-dimensional channels. Bonding is extremely
critical as misalignment of channels in different layers and incom-
plete bonding would significantly degrade the performance of the
parallel device.

1. Deep Reactive Ion Etching (DRIE) for Glass Microfluidic
Chips

A well-established method for micro-processing of glass and sil-
icon is deep reactive ion etching (DRIE), which is capable of etch-
ing rectangular trenches using gas precursors such as SF,, C,Fs,
CF,, or CHF;. Masking layer such as electroplated Ni, amorphous
silicon, or SU-8 photoresist is required to selectively etch glass. Nisi-
sako et al. have used synthetic silica glass for mass production of
droplets in a device with 256 parallel generators (50-200 pm width
and 100 um depth) formed by DRIE [28,39].

One of the biggest challenges in making a three-dimensional
glass microfluidic device is bonding different layers that have been
separately prepared via DRIE. Two representative methods of bond-
ing are plasma-activated bonding and fusion bonding. Plasma-acti-
vated glass-glass bonding is achieved by nitrogen radical activation
onto glass surfaces in a microwave reactor after an oxygen RIE
treatment. An annealing at 400 °C is required to achieve a bond-
ing strength of 24 MPa, which may not be enough for high pres-
sure injection that is required for mass production of emulsions
[40,41]. Glass-glass fusion bonding has been developed to enhance
the bond strength. At a high temperature of 650 °C or above, glass
becomes soft and two glass surfaces can be brought to form con-
formal contact. Three-dimensional glass devices made using the
fusion bonding method, which can readily withstand high flow
pressures, have been used for the high-throughput production of
uniform emulsions [42-44]. Alignment between droplet generators
and distribution channel was achieved using micromachined stain-
less-steel supporting holders that have cylindrical distribution chan-
nels and holes in each layer to fit with the microfluidic chip (Fig.
4). This glass-based microfluidic chip has achieved production
rates as high as 180 mL/hour for O/W emulsion.

Although glass microfluidic chips have several advantages, such
as great mechanical and chemical properties (e.g., solvent resis-
tance, easy chemical modification, high mechanical strength, and
thermal stability), device fabrication is time-consuming, laborious
and complex. The etch rate is extremely low (0.5-0.8 im/min) and
the selectivity can be poor [45,46]. Glass-glass bonding techniques
generally require an extremely clean environment, specialized tools,
and high temperature bonding. Also, the fabrication of through-
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Fig. 4. A glass microfluidic chip for mass production of emulsions.
(@) Schematic diagram of 3D view for assembly and align-
ment between supporting holders and microfluidic channels.
(b) Photograph of a finalized device for high-throughput pro-
duction. Reproduced by permission of The Royal Society of
Chemistry [39].

holes for fluidic ports requires additional equipment such as sand-
blaster and drill.
2. Plastic-based Microfluidic Channels Via Micromilling
Thermoplastics such as polymethylmethacrylate (PMMA) and
polycarbonate (PC) have become quite popular for the fabrication
of microfluidic devices. Although their thermal and chemical com-
patibility may not be as high as those of glass, plastics are much eas-
fer to process and also have quite excellent mechanical properties
with higher toughness than glass. Most common processing meth-
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Fig. 5. Microlling machine for plastic processing. (a) Schematic dia-
gram for operation procedure and components of CNC mill-
ing. (b) A photograph for operation of CNC milling machine.
Reproduced by permission of The Royal Society of Chemis-

try [50].

ods for plastics are injection molding, hot embossing, and micro-
milling [47-49]. Among them, computer numerical control (CNC)
micromilling is widely used for microfluidic channel fabrication
due to ease of use and simple manufacturing process [50,51]. The
CNC micromilling can precisely execute x-y plane movement at a
resolution of +0.5 um and vary the rotating speed of cutting tools.
CNC micromilling automates the machining process and there-
fore enables rapid prototyping, enhanced repeatability and precise
channel formation with reduced human error (Fig. 5). CNC mill-
ing is capable of fabricating devices with features down to several
micrometers in size.

Conchouse et al. have used CNC milling to prepare PMMA
microchannels (~250 to 2,000 um=+0.5 wm width and ~100 to 300
um=10 pm depth) with 512 parallel droplet generators [34]. This
device consists of three layers: a layer with fractal tree-like distribu-
tion channel, a layer with 128 flow-focusing droplet generators, and
a layer with interconnection holes, which can be easily fabricated
via CNC drilling. Care must be taken in using CNC milling machin-
ing because the process can lead to rough surfaces, which can result
in inaccurate fluid flows and bonding inhibition. The three layers
prepared via CNC milling were stacked with the aid of alignment
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Fig. 6. Three-dimensional parallel device made with PMMA. (a) A
schematic diagram of device composed of cap layer, oil and
water distribution layers, and generation layers in three di-
mensional layer. (b) Parallel flow focusing droplet generators
in a generation layer. (c) Sharing inputs and output between
aligned layers. (d) Photograph of the entire PMMA device
having 256 droplet generators. Reproduced by permission of
The Royal Society of Chemistry [34].

pins (Fig. 6). Subsequently; simultaneous heat (over glass transition
temperature) and compression is applied to the stacked and aligned
PMMA layers for thermal fusion bonding. The thermal fusion
bonding can be applied to various thermoplastic materials in a
straightforward manner, and it gives relatively high bonding strengths
[52-55]. This PMMA device can withstand maximum operating
pressure of 7.5 bar and produces emulsion at the rate of up to 1L/
hour. One challenge in the use of high-temperature fusion bond-
ing is that the procedure can induce channel deformation and col-
lapse, which makes it difficult to use small channels that are below
100 pum [56,57]. Recently, plasma, UV, or UV/ozone assisted surface
modification has been developed for low-temperature bonding;
however, these methods do not provide enough bonding strength

Korean J. Chem. Eng.(Vol. 33, No. 6)
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Fig. 7. Schematic illustration of photo-/soft-lithography. (a)-(c) Prep-
aration procedure of silicon master by photo-lithography. (a)
Thin photoresist coated on silicon wafer by spin-costing, (b)
selective UV irradiation through photomask, and (c) final
silicon master with micropatterns after removing un-cross-
linked photoresist. (d)-(f) Preparation procedure of PDMS
mold by soft-lithography. (d) Prepared silicon master with
desired design, (e) pouring PDMS precursor, and (f) peeling
off the PDMS mold/channel after solidification of PDMS
polymer.

Peel off the PDMS mold

that is necessary to prepare three-dimensional channels that can
withstand high pressure typically present in large-scale production
of emulsions [58,59].
3. Soft Elastomer Devices Via Photo-/Soft-lithography

One of the most widely used methods for the fabrication of
microchannel is photo- and soft-lithography [36,60]. Photo-lithog-
raphy is used to fabricate micropatterns on a silicon wafer, which
becomes a master for soft-lithography. To fabricate masters with
microscale patterns, a spin-coated photoresist layer is selectively
exposed to the UV light through a photomask, and a developing
reagent is used to dissolve the non-crosslinked photoresist regions
(Fig. 7(a)). Microchannel resolution depends on the types of pho-
tomask (>5 pm width) and photoresist (>1 pm height). Fabrica-
tion process for the master is complex, and specialized facilities
such as a clean room are required. However, once a master mold
is prepared, an elastomer such as polydimethylsiloxane (PDMS)
can be used to easily replicate the features of the silicon master.
PDMS in its liquid state is poured onto the hard master and sub-
sequently cured to form the PDMS channel. The low surface free
energy and elasticity of soft PDMS allow easy release of cured
PDMS from the silicon master. PDMS replica can be repeatedly
fabricated from a single silicon master without damage to the pho-
toresist patterns, thus making rapid prototyping feasible (Fig. 7(b)).

In contrast to bonding of hard materials such as glass and ther-
moplastics, a piece of PDMS can be readily bonded to another
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piece of PDMS or glass substrates without high temperature and/
or pressure application because of their tendency to form confor-
mal contact [61,62]. Simple activation of the PDMS surface with
O, plasma creates hydroxyl groups that will form covalent bonds
when they come in contact with hydroxyl groups on another sur-
face. Bond strength can be further enhanced by using the so-called
partial curing method, in which two partially cured PDMS pieces
are brought in contact with each other and bonded by thermal
curing. Un-reacted prepolymers on both surfaces undergo cross-
linking. Muluneh et al. have fabricated a PDMS device with 512
parallel flow-focusing droplet generators that are connected by
ladder-like distribution channels using a combination of soft-lithog-
raphy, laser machining and partial curing [30]. This device also
consists of three layers: distribution layer, interconnection layer
and droplet generation layer. Due to high resolution fabrication of
microchannel that is feasible via photo-/soft-lithography, they have
been able to achieve a high density 2D array of 512 droplet gener-
ators on a 9 cm’ area. Laser micromachining [63], which can pro-
cess various substrates including glass as well as hard and soft
polymers, was used to form large features such as distribution chan-
nels (380 pm width and 500 pm height) and through-holes (300 um
diameter). By integrating 512 droplet generators, water-in-oil drop-
lets were produced at the flow rates of 8 ml/hour for the dispersed
phase and 20 ml/hour for the continuous phase. One of the key
challenges in making PDMS-based three dimensional channels is
that the three layers have to be bonded while ensuring the align-
ment of channels in the three layers. Because PDMS is very adhe-
sive, once the surface of a PDMS layer touches the surface of another
PDMS, it becomes exceedingly difficult to separate, realign and
bond these layers. Thus the repeatability of channel fabrication is
not very high.

To overcome this technical challenge, our group has recently
developed a three-dimensional monolithic elastomer device (3D
MED) via a double-sided imprinting method, which uses a com-
bination of a multi-height hard master and an elastomer-based soft
master [31]. The multi-height hard master contains the channels
for the droplet generation and through-hole layers, whereas the
soft master has the features for the distribution channels. The two
masters are brought into contact with each other with uncured lig-
uid-state PDMS in between them. PDMS functions as lubricant,
making it extremely easy to align the features in the two masters.
Once PDMS is cured, the two masters are separated, releasing a
3D MED. The hard and soft masters used in double-sided imprint-
ing are reusable and cost effective. By using the double-sided im-
printing method, a high density 2D array of 1,000 droplet genera-
tors on 30 cm” area was achieved in 3D MED (Fig. 8). Also, since
the device is fabricated from a single piece of PDMS, it can with-
stand extremely high pressure (P~100 psi) and we have achieved
production rates as high as 1.5 L/hour (>30 billion 45 um diame-
ter droplets per hour) in a device with 1,000 parallel flow-focus-
ing generators, which to our knowledge is the highest volumetric
production rate per unit area of device to date.

4. 3D Printing-based Microfluidic Channels

Recently, three-dimensional (3D) printing has become one of
the most powerful rapid prototyping processes in a wide range of
research areas. 3D printing directly produces user-designed struc-
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Fig. 8. Three-dimensional monolithic elastomer device (3D MED)
for kilo-scale droplet generation. (a) Schematic diagram of
3D MED design having 1,000 droplet generators. (b) Detailed
flow-focusing generators connected to delivery channels for
parallel distribution of solutions. (c) and (d) SEM images for
flow-focusing generators connected to through-holes and out-
let channel. Reproduced by permission of The Royal Society
of Chemistry [31].

tures in a fully three-dimensional space without intense labor and
complex procedures (Fig. 9(a)). Thus, procedures such as alignment
and bonding of multiple layers can be completely eliminated. Nat-
urally, this approach is currently being used for the direct fabrica-
tion of 3D microfluidic devices [64-71]. Femmer et al. have fabricated
a 28-droplet generator-parallelized 3D microfluidic device (70 cm?)
using digital light processing that allows vertical stacking of indi-
vidual flow-focusing generators (Fig. 9(b)-(e)) [72]. A hydropho-
bic methacrylate-based photoresist was used to fabricate the device
in a layer-by-layer fashion by selective photo-crosslinking. By this
technique, each layer contributes a fixed voxel-height to the three-
dimensional structure. Using this device, 500 um monodisperse
emulsions and microgels were produced at the rate of 3 L/hour.
Although 3D printing has the highest potential for scalable pro-
duction of microfluidic devices with complex geometry, spatial res-
olution of commercial printers is currently limited to features that
are larger than 200 pm.

CONCLUSION

We have highlighted recent advances in the parallelization of
droplet generators in three-dimensional microfluidic devices for
large-scale production of emulsion droplets. Significant efforts have
been recently devoted to developing low-cost and user-friendly
fabrication methods to enable high-density integrations of a large

(a) O scanning

mirror

Fig. 9. 3D printed parallel droplet generators device. (a) Schematic
diagram for fabrication of 3D microchannel by 3D printing.
(b) Rendered 3D microchannel with parallel droplet genera-
tors. (c) Photograph of 3D printed device connected to two
inlets and one outlet tubes. (d) and (e) SEM images of cross-
section for channel intersections. Reproduced by permission
of The Royal Society of Chemistry [50] and Reproduced with
permission from [72] Copyright [2015] American Chemical
Society.

number of droplet generators, some of which are summarized in
Table 1. Each method and material has advantages and disadvan-
tages in the preparation of three-dimensional channels for mass
production of uniform emulsions. One must consider a variety of
factors, such as material compatibility and cost before making a
decision on material and process to enable mass production of
microfluidic emulsions. The advent of 3D printing and its use in
the preparation of three-dimensional channels are extremely excit-
ing developments that warrants continued efforts.

With advances in the design and fabrication of three-dimen-
sional channels, the scale-up of droplet-microfluidics has witnessed
significant advances; however, several challenges remain. It is often
critical to spatially vary wetting characteristics of channels to enable
stable formation of emulsions [73-75]. Thus, it would be impera-
tive to develop methods to spatially pattern wettability in complex
channels without complicated procedures. Most scale-up efforts
have been focused on the production of simple oil-in-water or

Korean J. Chem. Eng.(Vol. 33, No. 6)
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Table 1. Comparison of microfluidic devices manufacturing for high-throughput production of emulsion

Ref. Material Mlcroch@nel Used . Bonfimg/ Advantages Disadvantage
formation equipment Alignment method
[28,39] Glass Dry etching DRIE Thermal fusion - Good mechanical - Low resolution of
(every time)  bonding/machined properties droplet generators
support holder - Complex and high-
cost process
[34] PMMA Mechanical cut CNC milling ~ Thermal fusion bonding/ - Three-dimensional - Low spatial
machine Alignment pin stacking resolution
(every time) - Good mechanical - Complex and high-
properties cost process
[30,31] PDMS Photo-/ Mask aligner  Simple O, plasma - Rapid prototyping - Low mechanical
Soft-lithography ~ (only once) treatment - Simple bonding and properties
alignment - Poor chemical
- High resolution compatibility
channel
Hybrid Photo-/ ~ Laser machine Stamping and baking of - High resolution - Low mechanical
Soft-lithography ~ (every time) PDMS channel properties
and laser cut - Complex process
[72] Methacrylate  Digital light 3D printer - - Single-step fabrication - Low spatial
photoresist ~ processing (every time) - Rapid prototyping resolution
- Good mechanical
properties

water-in-oil emulsions; however, multiple reports have shown that
microfluidics provides unprecedented opportunities in creating
complex emulsions such as multiple emulsions [76-78]. There is
still a significant room for improvements in the mass production of
such complex emulsions. Lastly, as the flow rates that are required
to test mass-production devices are expected to increase signifi-
cantly; fluid delivery systems that can maintain uniform flow rates
should be developed. With these advances, droplet-based micro-
fluidics has significant potential in making transformative impact
in numerous areas from drug delivery to advanced materials syn-
thesis to high-throughput screening and assay.
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