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Abstract We present a numerical and experimental study
on a non-planar three-dimensional design of a microfluidic
flow-focusing device for the well-controlled generation of
monodisperse micron-sized droplets. Three relevant geo-
metric parameters were identified: the distance between
the inner inlet channel and the outlet channel, the width of
the outlet channel, and its length. Simulation data extracted
from a full parameter study and finite element simulations
yielded four optimum designs that were then fabricated
using soft lithography techniques. Under the predicted
operating conditions, micro-droplets of a size of ~1 um in
diameter are obtained from a channel 50 wm in width. This
work represents an important breakthrough in the practi-
cal use of flow-focusing devices delivering a ratio of con-
striction to droplet size of 50 times, with the advantage of
reduced clogging of the micro-channel, greatly improving
the control and reliability of the device.
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1 Introduction

In many practical applications, such as in the food industry,
fine chemicals, and pharmaceutical production, a reduction
in the droplet size in emulsions is desired, but it is limited
by the conventional emulsification techniques. Currently,
rotor—stator homogenizers used for this purpose produce
large emulsion droplets in the order of 100 wm. Develop-
ing equipment with dimensions larger than available for
research purposes is an ongoing challenge the industry
faces (Schroén et al. 2015). For example, the complexities
in producing monodisperse emulsions and nanosized drop-
lets with low energy requirements in cross-flow membrane
emulsification are due to the morphology of the membrane
(wetting properties, pore size, porosity, and pore shape)
and defined by the desired droplet sizes and applied pres-
sure (Gijsbertsen-Abrahamse 2004). The ultimate goal for
industrial-scale emulsification is the control on a single
geometrical parameter that could then be used to generate
a range of droplets size with a single device. Microfluidic
devices are a potential solution since their use has been
demonstrated in the production of homogeneous monomer
droplets and emulsions, for chemistry and biology applica-
tions with low energy input, and high throughputs in the
order of L / h (Nisisako and Torii 2008; Sugiura et al. 2001;
Engl et al. 2008).

There are two extensively used types of devices for the
production of droplets in microfluidics : (1) co-flow devices
where two immiscible fluids flow in parallel (Utada et al.
2007; Marin et al. 2009; Castro-Hernandez et al. 2009)
and (2) flow-focusing devices in which both streams flow
through a constriction with a length of the same order as
its width (Gaifian-Calvo 1998; Anna et al. 2003; Cubaud
and Mason 2008; Garstecki et al. 2005; Lee et al. 2009). In
cross-flow emulsification, uniform droplets of 2—10 times,
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the pore size can be formed; in spontaneous emulsification
droplets of 3—6 times, the height of the terrace/plateau can
be achieved (Schroén et al. 2015). In both methods, it is
mandatory that the surfaces remain wetted by the continu-
ous phase, even when emulsifiers, such as proteins, are dis-
solved to avoid loss of emulsification.

Despite the differences of both configurations, two
global regimes can be identified: (1) a dripping regime,
where drops are formed right at the tip of the injection tube
(axisymmetric case) or at the entrance of the outlet chan-
nel (2D case), and (2) a jetting regime characterized by the
generation of an extended jet that eventually breaks up due
to capillary instability. These designs can be implemented
in axisymmetric geometries, by means of concentric capil-
lary tubes, or in 2D configurations using soft lithography
techniques.

In practice, an axisymmetric geometry using glass cap-
illary-based devices, as was shown by Utada et al. (2005),
requires a perfect alignment between the tubes by match-
ing the outer diameter of a cylindrical capillary tube to the
inner dimension of a square one. Since the outer fluid needs
to be pumped through the small space between the four cor-
ners, its viscosity is limited to below 100 cP. Gafidn-Calvo
(1998) reported the production of monodisperse droplets
using axisymmetric flow-focusing devices. Although the
outer viscosity was not limited, the alignment between the
injection tube and the constriction (a plate with a small ori-
fice) was a tedious task, which limited efficient control of
the device.

Micro-fabricated devices in a 2D geometry have been
used extensively since the early ages of microfluidics. Par-
ticularly, hydrodynamic focusing has been implemented
for cytometry, particle counting, and fluorescence-activated
cell sorting (Simonnet and Groisman 2005; Sim et al.
2010; Chiu et al. 2013) and other applications that exploit
the laminar flow conditions and swirl effects inside micro-
channels. Attempts to focus the flow at the axis of micro-
channels utilized different strategies with some limitations,
such as undesired entrapment of air bubbles, vorticity, local
turbulence, boundary separation in the flow, and the noto-
rious clogging of the micro-channels during operation.
Most solutions to these problems have complicated opera-
tional conditions. Micro-channel designs made of different
materials further complicate the fabrication process lead
to undesired wetting properties and additional laboratory
equipment to operate introducing a considerable footprint
(Scott et al. 2008; Golden et al. 2009; Rosenauer et al.
2011; Zhuang et al. 2012; Frankowski et al. 2013; Dhanali-
wala et al. 2012).

Silicon and glass are more difficult and more expen-
sive to micro-machine than the popular casting and curing
of poly-dimethyl siloxane (PDMS) over silicon and SU-8
molds, where the cured PDMS slab is bonded to a glass
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slide, or other materials to form the micro-channel. How-
ever, the use of different materials for the different walls
of a micro-channel poses a disadvantage, due to intrinsic
differences in the wetting properties of the materials used.
Attempts at simplifying hydrodynamic focusing in 2D and
3D microfluidic devices were possible using novel tech-
niques such as femto-laser micromachining (Pai¢ et al.
2014), with the drawback of using more expensive materi-
als like fused silica, troublesome chemicals (hydrogen fluo-
ride), and laser operation, making it a costly technology.

The aim of this work is to study the influence of the rel-
evant parameters in a 3D non-planar flow-focusing device
for the production of micron-sized droplets (I pm in diam-
eter) generated in the jetting regime inside a channel of
50 wm in width. The main advantage of using a truly 3D
device made of a single material is obtaining an axisymmet-
ric jet centered at the outlet channel, and as the jet breaks
up into droplets, there is no contact with the walls of the
channel and hence no influence of the wetting properties of
the material. This then excludes the need of chemicals to
regulate the hydrophobicity of the microchannels, and there
is no effect of changing wetting properties of the chan-
nel wall at extended operation times. The latter represents
an attractive feature for a multitude of applications, espe-
cially in micro-emulsification, where materials with limited
machining possibilities are commonly used (Schroén et al.
2015). Specifically, stainless steel is preferable compared
to glass, silicon, or polymers such as PDMS, but such a
device is technically challenging to fabricate using conven-
tional clean-room or microfabrication techniques.

2 Materials and methods
2.1 Mask fabrication

The mold used to cast two PDMS slabs that make the chan-
nel was prepared in a similar way as described in the lit-
erature (Anderson et al. 2000; Carlier et al. 2004). Three
different levels of SU-8 were spun on a silicon wafer to
obtain the final thicknesses H; = 50 um, Hp = 100 um,
H3 = 25pum (see Table 1). The first level was achieved
with SU-8 25 (MicroChem Corp.), at 1885 rpm, whereas
the other two with SU-8 50 at 2000 rpm. This difference in
channel height is the key design characteristic to obtain the
focusing effect (see Fig. 1).

The design proposed in this study is composed of an
inlet channel for the dispersed phase with height H; and
width Wy, one inlet channel for the continuous phase with
height H> and width W>, that splits around and intersects
with the dispersed phase channel at a 90 degree angle, and
the emulsion outlet channel with a height H3 and width W3,
as shown in Fig. 1.
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Fig. 1 Schematic figure showing a the main dimensions of the chan-
nel intersection in a 3D flow-focusing device, and b the simplified 3D
channel mold and the PDMS lift-off process. The heights of the dif-
ferent layers in the mold are half the dimensions of the actual device
and numerical model

PDMS (Polydimethylsiloxane, Sylgard 184, Dow Corn-
ing) mixed at a 10:1 curing ratio was placed into the sili-
con wafers and cured at a temperature of 75 °C during 1 h.
After peeling off and punching the holes for the tubing
connections in one of the replicas, two pieces of the same
PDMS design were treated in a oxygen plasma cleaner
(Harrick plasma, PDC-002) at maximum power for 4 min.
The alignment between the two parts was made by hand
using an inverted microscope (Zeiss, Axiovert 40C) with a
10x objective. The resulting device was baked in the oven
at a temperature of 75 °C for 1 h to increase the bonding
strength (see Fig. 1).

2.2 Experimental setup

Silicon oil with a viscosity 11, = 1000 cP (Sigma-Aldrich)
was used as outer fluid, whereas ultrapure water (MilliQ,
Millipore Corporation, Billerica, MA, USA) was used as
inner fluid. The surface tension, o, between oil and water
was lowered from 40 to 4 mN/m by adding 60 mM of
sodium dodecyl sulfate (SDS, Sigma-Aldrich) to the water.

In order for the outer velocity to be sufficiently high and to
ensure accurate control of the inner flow rate, both streams
were supplied from pressurized vessels controlled by two
high-precision air pressure regulators (Norgren, 11-818-
100) and two digital manometers (Digitron 2000P). Addi-
tionally, a large flow resistance along the inner line was
given by a peek tubing with 127 um inner diameter. The
setup was placed under an inverted microscope (Zeiss,
Axiovert 40C) which was connected to either a high-speed
camera (Photron, SA-X2 type 1080K-M4) with a resolution
of 1024 x 1024 px? and a field of view of 775 x 775 pm?
when operated at an acquisition rate of 2 x 10* fps. Simi-
larly, a high-resolution CCD camera (Lumenera Lm165M)
can be mounted to the microscope with a resolution of
800 x 800 px* and a field of view of 5160 x 5160 um?,
corresponding to 6.45 pm/pixel.

2.3 Numerical methods

Boundary element method simulations were used before
(Castro-Hernandez et al. 2012) to establish solutions for
the flow in an axisymmetric co-flow device. Briefly, the
Stokes equation for both inner (i) and outer (o) streams,
—VPi,+ /Jci,oVZUi,,) = 0 is solved, where the inner flow
has a parabolic velocity profile with a curvature inversely
proportional to the inner-to-outer viscosity ratio, [;/ite
(capital letters indicate a dimensional quantity). Here,
U; and U, are the mean velocities of the inner and outer
streams, respectively, and Ca, = u,U,/o is the outer capil-
lary number. Moreover, the axial velocity at the jet inter-
face does not significantly depends on w;/u,; hence, the
velocity at the jet interface and the pressure gradient are
given, in a first approximation, by the outer stream. Based
on the slender jet geometry and classical Taylor approxima-
tion (Taylor 1964), the original problem could be studied as
the sum of two simpler ones: (1) the outer flow without the
presence of the inner one, and (2) a perturbation induced
by the inner stream which can be modeled as a source
distribution located at the axis, with an initially unknown
amplitude. The axial component of the outer velocity is
Uy = Uy + fr2, where u, is the velocity at the axis (r = 0)
and f = 8%u/dr” (r = 0). These functions are independent
of the three dimensionless parameters controlling the drop-
let generation process for the co-flow configuration (;/ o,
U;/U, and Ca,), and are characteristic for each geometry.
For a non-axisymmetric flow focusing, these assumptions
are also valid.

In a 3D non-planar flow-focusing device, the asymptotic
values of the flow velocity in the x-direction, u,, and the
orthogonal gradient in the shear rate in the center of the
channel, f = 3%u,/dy?, should be reached as close to the
junction as possible. A large magnitude of f has a favorable
effect on the production of small droplets.
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To investigate the influence of several of the design
parameters involved in the geometry, specifically the dis-
tance between the inner inlet channel and the outlet chan-
nel, W,, and the width of the outlet channel, W3, finite
element simulations were performed using the COMSOL
Multiphysics package (COMSOL, Inc., MA, USA).

The simulations encompass the geometry as shown in
Fig. 1. Lengths and widths used are the same as shown in
Table 1, with L3 kept constant at 250 pm. A no-slip bound-
ary conditions applies to all the walls, with defined flow
rate for the three inlet channels, and an atmospheric pres-
sure outflow condition at the outlet. Since the pressures
inside the experimental device are unknown, flow rate
boundary conditions are chosen rather than pressure bound-
ary conditions. The center inlet provides 0.1 pL/min, while
both side entrances combined provide 10 pwL/min. The code
solves the stationary incompressible Navier-Stokes equa-
tions on the domain. The highest Reynolds number reached
is of order 10, guaranteeing steady, laminar flow.

3 Results and discussion
3.1 Inlet channel width

Figure 2 shows the streamlines calculated for a 3D flow-
focusing device for two different distances between the
inlet channel and the outlet channel W5: 25 and 50 wm. It
displays the confinement of the inner fluid along the sym-
metry plane, z = 0. It also shows a larger recirculation cell
for the device with the smaller W5.

Figure 3 depicts the downstream evolution of u,, non-
dimensionalized by its maximum, Uy max, for the two dif-
ferent geometries.

It shows that a smaller W5 leads to a minor increase in
the gradient du, /dx, but that a smaller W5 shifts the location
of the maximum gradient more upstream. For an increased
width of the outlet channel, W3, it is shown that the maxi-
mum value of the gradient decreases.

Figure 4 shows the downstream evolution of the orthog-
onal shear rate gradient f, non-dimensionalized using the
velocity Uy max, and the outlet channel width W3, for the dif-
ferent geometries studied. A decrease in W3 tends to yield
one order magnitude larger than the magnitude of f and at a
smaller axial position for smaller values of W.

3.2 Optimal design observations

From the numerical simulations, three relevant geometric
parameters were identified for the 3D flow-focusing junc-
tion: the distance between the inner inlet channel and the
outlet channel, W5, the width of the outlet channel, W3, and
its length L3 (see Fig. 1). As stated before, to achieve the
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Fig. 2 Streamline images showing the confinement of the inner fluid
by the outer fluid. a The 3D structure of the interface between the
inner and outer fluid. b,c Streamlines of the inner fluid (red) and
outer fluid (blue) along the symmetry plane, z = 0. The cross sections
located at the outlet show the 3D confinement of the jet (jet radii are
not to scale). b Wo = 25, W3 = 50, a, ¢ W> = 50, W3 = 50. Flow is in
the positive x-direction (color figure online)

production of small droplets, the magnitude of f should be
as large as possible, while the asymptotic values of u, and
f should be reached as close to the junction as possible in
order to have shorter breakup lengths. Our results show that
this is best achieved by minimizing both the outlet channel
width W3 and the inlet channel width W,. Channels with a
width W3 = 50 pm were chosen for all our experiments in
order to reduce the probability of clogging the microchan-
nels. The length of the outlet channel should be just long
enough for these values to actually reach their asymptotic
values (see Fig. 3) without increasing unnecessarily the
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Fig. 3 Downstream evolution of the dimensionless computed veloc-
ity u, along the center axis (a) and its derivative with respect to the
streamwise direction (b), for two values of W, and W3. The results
show a strong dependence on Wj, while W3 shows only a minor
impact. The solid and dashed gray lines indicate the position of the
entrance of the outlet channel for the two values of W», 25 and 50 pm,
respectively

pressure drop. To this purpose, channels with two different
lengths L3: 125 and 250 um were chosen.

Generally, drops produced in the dripping regime are
highly monodisperse, with low production frequency and
with diameter of the same order as the outlet channel width
(Castro-Hernandez et al. 2009). Droplets generated in the
jetting regime have a higher production frequency with a
size comparable to that of the jet.
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Fig.4 Downstream evolution of the dimensionless computed
orthogonal shear stress gradient f along the center axis. The asymp-
totic value of fis shown to be determined by W3, while W5 strongly
influences the position at which this value is obtained. The solid and
dashed gray lines indicate the position of the entrance of the outlet
channel for the two values of W», 25 and 50 pm, respectively

Two different jetting regimes have been reported: nar-
rowing and widening, where these names reflect the shape
adopted by the jet along the flow direction inside the chan-
nel (Utada et al. 2007; Castro-Hernandez et al. 2009). Nar-
rowing jets are formed when, due to the outer stream, the
viscous stresses on the interface overcome surface tension
confinement forces. In these situations, the outer velocity
is larger than the inner velocity, and as a consequence, the
jet stretches. Working under the narrowing regime leads to
the production of smaller monodisperse droplets from the
same device when operated under the appropriate condi-
tions. It has been reported (Marin et al. 2009) that the nar-
rowing regime occurs when the outer Reynolds number
is Re, = poU,W3/11o < 1 and the outer capillary num-
ber Ca, = u, U, /o is larger than a certain value of order
unity (Gordillo et al. 2014). To observe a slender cone-jet
transition the inner-to-outer velocity ratio needs to satisfy
U;/U, < 1. Since PDMS is an elastic material, the accu-
rate determination of these parameters is not possible for our
experiments, although the conditions must be satisfied due to
the small dimension of the outlet channel (W3 = 50 um) and
the high viscosity value of the outer fluid (1, = 1000 cP).

Inourexperiments, droplets withadiameter D; = 22 um
(P, = 1700 mbar, P; = 1637 mbar), have an experimen-
tally measured droplet velocity Uy = 0.05 m/s giving
Rey = poUgW3/ 1o ~ 1073 and Cayg = o, Ug/o == 6.
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Fig. 5 Images depicting the four different tested designs: a Design 1:
L3 = 125 wm, W = 50 wm; b Design 2: Lz = 125 um, W) = 25 pm;
¢ Design 3: Lz =250 um, Wo = 50 um; d Design 4: L3 = 250 pum,
Wy =25um

Table 1 Dimensions for the different fabricated designs

Design #1 #2 #3 #4
Ly 125 125 250 250
143 50 25 50 25
4 100

H; 50

H, 100

W3 50

H3 25

All units are in [jum]

Since we do not observe droplet coalescence, they
move with the same velocity as the outer fluid, and this
means that the conditions for having a narrowing jet are
fulfilled.

Taking all this information into consideration, four
designs were chosen to be tested. Table 1 lists all the
dimensions of the different designs. Figure 5 shows images
of the design taken under the microscope.

Above a certain threshold of Ca,, increasing the outer
capillary number, while keeping all other parameters con-
stant, has the effect of larger breakup length of the jet and
higher production frequency, as reported in the literature
for the two-dimensional case (Cubaud and Mason 2008)
and axisymmetric case (Castro-Herndndez et al. 2012).
Figure 6 shows that, indeed, for all the pressure values
tested with designs 1 and 2, the jet breaks up outside the
outlet channel and that the generated droplets are polydis-
perse (polydispersity index PDI > 60 %).

Figure 7a and c shows that for designs 3 and 4, it was
possible to obtain, quite easily, droplets with a diameter
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Fig. 6 The jet does not break inside the channel for all the pressure
values tested with designs 1 and 2. a Design 1: P, = 1100 mbar,
P; =1062mbar, Dy = 14pum; b Design 2: P, = 1100mbar,
P; = 1021 mbar, D; = 17 um
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Fig. 7 Although it is possible to obtain small droplets with both
designs 3 and 4, the jet is more stable for the latter. a Design 3,
P, =1100mbar, P; =1070mbar, Dy = 12pum; b Design 3,
P, =1100mbar, P; =1065mbar, Dy =2pm; ¢ Design 4,
P, =1100mbar, P; = 1034 mbar, Dy = 13pum; d Design 4,
P, = 1100 mbar, P; = 1031 mbar, Dy = 1.6 um

Dg ~ 10um and a polydispersity index PDI <1 %. An
optimized minimum inner-to-outer pressure ratio needs to
be found empirically for each design to obtain the desired
droplet size. As depicted in Figure 7b and d, designs 3 and
4 also allow for the production of micron-sized droplets
when operated under the appropriate conditions. Neverthe-
less, design 4 was found to produce more stable jets when
undesirable perturbations from the surrounding, such as
floor vibrations, occurred.

It is possible that deformation of the device, as it is
made of PDMS, may disturb jet expansion and induce
retraction into the inlet chamber. The pressure drop in
PDMS channels, with the device working at a pressure
of 45 kPa, was reported to be up to 35 % less than in a
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rigid-walled channel, and the effect is expected to decrease
proportionally with the channel wall thickness (Hardy
et al. 2009). For future experiments, the use of glass or
other stiffer materials for the fabrication of the microflu-
idic 3D flow-focusing junction will be required. Neverthe-
less, rapid prototyping with PDMS allowed for a faster
experimental verification of the computed values and at
the test conditions. The jet diameter is slightly thinner in
design 4, which agrees with the experimental observation
as depicted in Fig. 7 and as predicted in the simulations,
which do show a stronger decrease of approximately 30 %
for design 4, see Fig. 2.

In the classical planar flow-focusing devices, the length
of the constriction is of the same order as the channel
width. The dispersed phase is then blocked within the con-
striction, and the pressure upstream increases leading to
the squeezing of the jet. In our designs, the constriction is
much longer than the channel width, allowing the hydro-
dynamic generation of a long jet that eventually breaks up
into droplets much smaller than the constriction, reducing
clogging and having no wettability problems. Our fabri-
cation approach is also cheaper than the current processes
since only one photolithographic mask is used for the SU-8
molds fabrication of identical PDMS slabs. In the future,
other materials, such as stainless steel, could be used with
similar dimensions. All these features, in addition to a
reduced chance of clogging, are desirable for the present
trend in emulsification techniques, where the passage of
larger particles, liquid concentrates used as feeds, and
reduced maintenance are required (Schroén et al. 2015).
Based on our observations, the optimal geometry corre-
sponds to that of design 4.

4 Conclusions

In this manuscript, we present a numerical and experimen-
tal study on the geometry of a truly 3D microfluidic flow-
focusing device for the generation of micrometer-sized
droplets. The main advantage of using such a 3D device is
that the axisymmetric jet is properly centered at the outlet
channel that eventually breaks up into droplets. As a conse-
quence, the wetting properties of the material are no longer
relevant, avoiding the use of chemicals to control the wet-
ting behavior of the microchannels walls.

Three relevant geometric parameters were identified:
the distance between the inner inlet channel and the out-
let channel, the width of the outlet channel, and its length.
With the data obtained from finite element simulations,
four different designs were selected and fabricated using
soft lithography techniques. Under the adequate operat-
ing conditions, it was possible to obtain droplets of ~1 pm

in diameter from a channel of 50 pum in width. The opti-
mal configuration studied corresponds to that of design 4:
Lz =250 um, Wy =25pum, W; = 100 um, H; = 50 pum,
Hy = 100 wm, W3 = 50 pm and H3 = 25 um.
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