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We present and validate simple mesofluidic devices for producing monodisperse droplets and materials. The sig-

nificance of this work is a demonstration that simple and complex droplet formulations can be prepared uniformly

using off-the-shelf small-diameter tubing, barbed tubing adapters, and needles. With these simple tools, multiple

droplet-forming devices and a new particle concentrator were produced and validated. We demonstrate that the

droplet-forming devices could produce low-dispersity particles from 25 to 1200 Km and that these results are similar

to results from more complicated devices. Through a study of the fluid dynamics and a dimensional analysis of the

data, we have correlated droplet size with two dimensionless groups, capillary number and viscosity ratio. The flow-

focusing device is more sensitive to both parameters than the T-junction geometry. The modular character of our

mesofluidic devices allowed us to rapidly assemble compound devices that use flow-focusing and T-junction devices

in series to create complex droplet-in-microcapsule materials. This work demonstrates that flow chemistry does not

require complicated tools, and an inexpensive tool-kit can allow anyone with interest to enter the field.
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1. Introduction

Small-dimension reactors enable rapid mixing, heat transfer,
and the combination of multiple steps in series; these advan-

tages over batch reactors have enabled new reactions, chemical
analyses, and materials syntheses [1]. Despite the advantages
that small-dimension, continuous reactors possess, their use,

especially by non-specialists, is still limited by challenges of
device fabrication. Although turn-key fluidic systems are avail-
able for reaction chemistry, constructing specialized devices for

novel experiments often requires access to complicated equip-
ment. This is largely because many of the innovations in flow
chemistry during the last two decades have resulted from using
lithography [2] and rapid prototyping [3] for device design

and fabricationVrequiring expensive or specialized equipment
that is still unavailable to many potential users of meso- or mi-
crofluidics. Thus, the flow chemistry community could benefit

through increased participation by offering and validating simple
approaches for the construction of novel fluidic devices. This is
especially true for devices designed to form droplets or bubbles

for chemical reactions [4] or materials synthesis [4,5].
The production of droplets is achieved via snap-off or

Rayleigh instability mechanisms and is achieved either by
T-junction or flow-focusing methods, respectively. A T-junction

is a simple intersection of one fluid entering another stream at a
90- angle [6]. Work in the late 1990s demonstrated that varying
the disperse and continuous phase pressures in T-junctions yielded

an array of fascinating structures [7]. Since then, many important
aspects of fluid behavior have been elucidated by studying drop-
let breakup [8] and droplet manipulation [9] using a T-junction

set-up. Flow-focusing devices (FFDs), on the other hand, pro-
duce droplets by using a restricting orifice followed by an abrupt
widening of the outlet channel to develop Rayleigh instability

[10]. Rapid prototyping and soft lithography have been the
most common methods to produce FFDs for forming drops in
liquidYliquid systems [11]. Though examples of axisymmetric,
3-dimensional, liquidYliquid FFDs that do not require photo-

lithography or other standard microfabrication techniques are

known, these devices still required time-consuming or delicate
fabrication techniques [12].

Because our group often performs hazardous, explosive, or

precipitate-forming chemistry in our fluidic systems, we sought
devices that are robust, yet easy-to-make and disposable, in
contrast to those mentioned above. To this end, we recently

introduced a T-junction device (TJD) that can be assembled
quickly from laboratory tubing, commercially available barbed
tubing adaptors, and needles [13]. The device was used to form

monodisperse droplets, polyamide microcapsules [13], and
organosilicon microparticles [14], as well as used to perform
droplet-based organic synthesis [15]. Herein, we demonstrate

the production and validation of a range of mesofluidic devices,
including an axisymmetric flow-focusing device, constructed
from the same simple tool kit. We compare a TJD to an FFD,
demonstrate the formation of Janus-faced particles, and produce

a particle concentrator that enables the preparation of complex
particle-in-particle materials. Together, our collection provides
a fluidic toolkit that can produce low-dispersity droplets and

microparticles ranging from 1200 Km to 25 Km in diameter.

2. Results and Discussion

2.1. The Droplet Tool Kit. Production of monodisperse

droplets can be achieved most simply using a TJD device where
a continuous phase is propelled through the system via a syringe
pump and a disperse phase is introduced orthogonal to the

continuous phase using a needle punctured through the con-
tinuous phase tubing (Figure 1a). In this configuration, droplets
are produced via a snap-off mechanism (see discussion below).

Droplets may be conveyed through downstream photochemical
steps or heating by merely placing the tube in the path of a light
source or into a heating bath. We recognized the potential of
our simple tube and needle system to create an axisymmetric

flow-focusing device without the need for photolithography,
and like our TJD, it, too, should take only minutes to construct
from inexpensive components.

For the FFD, we decided on a geometry that used two nee-

dles, a small one for the disperse phase and a larger one for the
continuous phase, facing in opposite directions, but aligned
axisymmetrically. Thus, the FFD consists of poly(vinyl chloride)
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(PVC) tubing with the same continuous phase pumping on both

ends and exiting through a 20-ga to 16-ga adapter [16] inserted
through the tubing wall; the 20-ga needle tip was flush with

the inside of the tubing wall. The outlet channel tubing fit snug
over the 16-ga portion of the adapter. The disperse phase was
injected into the flow via a 30-ga needle that was inserted

through the tube wall opposite the outlet needle. The axis of the
30-ga needle was aligned with the axis of the outlet adapter. See
Figure 1b for a schematic and photograph of the FFD. Both
needles were held in place by the elasticity of the PVC tubing.

However, the alignment of the needles was facilitated by a jig
(Figure 1b, inset), consisting of a Lexan cylinder 1.27 cm in
diameter and 3.81 cm long. Two holes, one matching the outer

diameter (OD) of a 30-ga needle for the disperse phase and the
other matching the OD of a 20-ga needle for the outlet, were
drilled through the jig to align the needles. (Figure 1b, inset).

Figure 2 provides a comparison of the FFD configurations show-
ing pictures of the with and without Lexan jig and illustrating
the direction of flow. The outlet and disperse phase needle tip-
to-tip distance was readily tuned by pushing and pulling the

disperse phase needle in and out of the jig. The tip-to-tip distance
was measured using a pair of calipers (T0.0005 in, 13 Km).
2.2. Validating the Control of Droplet Sizes Within Simple

T-Junction and Flow-Focusing Devices. One argument for

creating precision micro- or mesofluidic devices is the de-
creased process variability compared to simpler devices, made
with, for example, tubing and needles. We sought to determine

how reproducibly our simple devices formed droplets of a
given size and which dimensionless parameters affect their
production. To accomplish this goal, we desired to capture

droplets as polymer particles whereby polymerization caused
negligible volume change. We found that the previously
reported [11b, 11d] 1:1 molar mixture of 1,6-hexanediol dia-

crylate (HDDA) and ethyleneglycol dimethacrylate (EGDMA)
with 4.0 mol% 2,2-dimethoxy-2-phenyl acetophenone (DMPA)
as photoinitiator yielded highly cross-linked particles whose

final diameter was the same as the droplet diameter, within
error. By capturing the droplets as stable polymeric particles
we could, in effect, collect the droplets to analyze their size

distributions using microscopy and the image analysis pro-
gram ImageJ. Figure 3 shows examples of microparticles formed
in the TJD for a low continuous phase flow rate (Figure 3a) and
in the FFD for low (Figure 3b) and high (Figure 3c) continuous

phase flow rates. The microparticles exhibited coefficients of
variation (% CV) in size distribution that ranged from less than
1% to 5%. Both of the mesofluidic device geometries presented

here produced droplets with low dispersity over a wide range of
flow rates and particle sizes.

The sizes of the droplets and subsequent microparticles were
easily controlled by changing the flow rate of the continuous
phase. As the continuous phase flow rate was increased, drag on

the disperse phase increases, causing the droplets to snap off at
decreasing droplet sizes. Figure 4 shows typical results for the
microparticle size as a function of continuous phase flow rate

for the TJD and FFD devices using the continuous phases
LV T80 (low viscosity with the surfactant Tween 80) and HV
T80 (high viscosity with the surfactant Tween 80), respectively.
Continuous phases and the disperse phase and their physical

properties are listed in Table 1. Using both device geometries
with a single continuous phase, we have produced particles
in the range of 25 Km to 1200 Km. This is a useful range for

producing low-dispersity solid-support materials for catalysis
[17] and hollow microcapsules for controlled release [18].

With the ability to capture the droplets via photopoly-
merization, we systematically studied the fluid dynamics in-

volved in the formation of droplets in both TJD and FFD
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Figure 1. Schematics of (a) the T-junction device and (b) the flow-focusing device. In the TJD, we use two syringes connected upstream of

the T-junction simply to double the capacity of the continuous phase. On the other hand, the FFD requires two syringes pumping toward each

other on the same piece of tubing. The disperse phase enters at the outlet tube and all three flows exit in the same direction through this tube.

Alignment is ensured by the use of a machined plastic jig (b, inset), though a jig is not required. After production at either fluid device, the

acrylate droplets are photopolymerized in-channel. Residence time under the lamp is increased by using a coiled length of tubing
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devices. Specifically, we wished to determine the most impor-

tant physical parameters affecting droplet formation to create
a model that would enable the prediction of droplet sizes from
easily controlled process parameters. In addition, we endeav-

ored to quantify differences between the TJD and FFD geom-
etries and to determine if the simple tubing and needle devices
performed as well as prior work with more complex devices.

Previous investigations of mesofluidic T-junctions indicated

that the balance between viscous and interfacial surface ten-

sion forces determines the sizes of droplets [7, 8b, 9]. This
relative importance of viscous forces compared with surface

tension forces is characterized by the nondimensional capillary
number, Ca (Eq. [1])

Ca ¼ VcGc

F
ð1Þ

where vc and Gc are the average velocity and viscosity of the
continuous phase, respectively, and F is the interfacial surface
tension between the two phases. We performed a dimensional
analysis to identify relationships among the important variables

that influence drop formation in the TJD and FFD geometries
[20]. Previous investigations of droplet formation in meso-
fluidic devices [8b,12b,19,21] suggest that the droplet size d

can be influenced by the following parameters: vc and vd, the
average velocities of continuous phase and disperse phase,
respectively; Gc and Gd, the viscosities of the continuous and

disperse phase fluids, respectively; F, the interfacial tension
between the two phases; dn, the needle diameter; and dt, the tube
diameter. Dimensional analysis then gives that the dimension-

less droplet size d/dn is a function of the capillary number Ca,
the viscosity ratio L = Gd/Gc, the flow rate ratio vd/vc, and the
geometric ratio dn/dt. In our flow-focusing device, the outlet
tube diameter do is an additional parameter, which means dn/do

is an additional dimensionless parameter. Because the geo-
metric parameters above were not varied, the dimensionless
droplet size in the experiment can be represented as shown

in Eq. (2).

d

do
¼ f Ca; L;

Vd

Vc

� �
ð2Þ

Because the disperse phase/continuous phase flow rate (vd/vc)
GG 1 and the formation of each drop at the needle tip were

unaffected by the preceding drop, we do not expect the droplet
size to be sensitive to the exact value of vd/vc. Thus, we pre-
dicted that the size of the droplets in this experiment would be

a function of only Ca and L.
Figure 5 shows a logYlog plot of droplet size as a function of

Ca using the four continuous phases listed in Table 1Va high

and low viscosity and a high and low surface tension case (mod-
ulated by addition of the surfactant Tween 80) [22]. Figure 5
shows data obtained using the TJD and from the FFD. We

found two distinct populations that were distinguished by the
value of viscosity ratio. Also, we found that addition of the
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Figure 3. Microparticles of various sizes produced in (a) the TJD

and (b, c) the FFD geometries using the continuous phase LV T80

at volumetric flow rates of (a) 0.20 mL/min, (b) 0.20 mL/min, and

(c) 2.0 mL/min. The disperse phase flow rate was 10 KL/min in all

cases. The scale bar in (c) applies to all three images

Figure 4. Typical particle size vs. flow rate curves for the TJD using

LV T80 (dark squares) and the FFD with HV T80 (light diamonds) as

the continuous phases, respectively. The lines are meant only to guide

the eye and the span of the error bars represents two standard devia-

tions from the mean particle size (note: in most cases, the error bars

are hidden by the point marker)

Figure 2. (a) Picture of the flow-focusing device without the jig; (b)

picture of the flow-focusing device with the jigVnote that the jig is a

piece of Lexan tubing with an 18-ga hole drilled opposite a 30-ga hole

and the plastic screws are designed to hold the jig in place around the

central elastomeric tubing; (c) a cartoon describing the droplet forma-

tion at the outlet of the small needle. The green and red arrows signify

the direction of flow. The green arrows represent the continuous phase

and the red the disperse phase.
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surfactant had little impact on the trends, other than to change
the Ca via decreased surface tension. The scaling of droplet

size ranged between Caj0.39 and Caj0.56 as determined from
the slopes of the data.

Regression analyses of the data gave correlations for droplet

size in the two devices (Eqs. [3] and [4])

TJD: d ¼ ð81HmÞCaj0:39Lj0:17 ð3Þ

FFD: d ¼ ð28HmÞCaj0:56Lj0:46 ð4Þ

where d is the droplet size in Km. The scalar coefficients in
Eqs. (3) and (4) reflect details of the geometries of each device

and the flow inside each device. The two equations show that
the drop size is smaller for the FFD than for the TJD for fixed
values of Ca and L. The difference can be explained, at least

qualitatively, by the difference in flow fields for the two devi-
ces. The opposing streams of the FFD give rise to an extensional
flow inside the device. The geometry of the TJD dictates that

the flow resembles simple shear flow. Extensional flow is more
effective at causing drop breakup than simple shear [23], so a
smaller drop size in the FFD is expected. Because only two
values of the viscosity ratio were studied, the precision in the

exponent for L was overstated in these expressions. However,
the magnitude of the difference in the L exponent between the
two expressions suggested that the effect of viscosity ratio on

droplet size was quantitatively different for the two devices, at
least for the range of L covered here. Previous studies have
shown that L affects the critical Ca required to induce rupture of

macroscopic freely suspended droplets in well-defined, un-
bounded flows [23Y24]. However, the flow fields in our meso-
fluidic devices were perturbed by the needle and by nearby

channel walls. Furthermore, the droplets were attached to the
needle until they formed, which probably affected their shape

and the sizes of drops that formed at the needle. A few reports
[25] have systematically varied L in mesofluidic devices, but

differences in device design and experimental conditions make
direct comparisons with our data difficult [26].

Comparison of these simple TJDs and FFDs to results derived

from more complicated devices reveals that our systems repli-

cate the dynamic behaviors well. For example, Xu et al. [11e],

Jeong et al. [12d], and Cramer et al. [25b] found that droplet

diameter depended on vc
j0.5 and, therefore, on Caj0.5 in axi-

symmetric microfluidic devices (FFD). Nisisako et al. [12c],

Xu et al. [19], and van der Graaf et al. [27] found that droplet

size scaled with Caj0.3 to Caj0.4 in experiments and simula-

tions for T-junction devices. These values agreed well with those

revealed by our regression analyses, suggesting that similar hy-

drodynamic mechanisms operated in our devices and traditional

microfluidic systems. The similarity between our data and these

prior reports suggests that our mesofluidic devices, built from

needles and tubes, reproduce at least qualitatively the fluid dy-

namics exhibited in traditional microfluidic devices. Thus, our

system comprises the building blocks of a functional mesofluidic

toolkit that may be used like more technically difficult systems.

Since we originally introduced our system [13], other groups

have also described meso- and microfluidic devices based on

simplified components, such as non-PDMS rapidly prototyped

devices [28], a paper device [29], and other needle-based devices

[30]. The proliferation of these simplified devices demons-

trates the power of easy-to-use fluidic systems that can provide

performance similar to expensive, time-consuming microfluidic

devices.

For the TJD, we were also able to capture droplet forma-
tion using high-speed video. From these data, we determined
that two distinct modes of drop formation occur in the TJD. For

Ca G 1, drop formation occurred in a snap-off mode where
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Figure 5. LogYlog plot of particle size in Km versus Ca for both device geometries and all continuous phase compositions. The curves group into two

bands depending on viscosity ratio. Error bars corresponding to size distribution have been omitted for clarity

Table 1. Pysical parameters of continuous and disperse phase fluids with code names for each continuous phase composition.
a

Fluid Abbreviation G (mPa s) F (mN/m)b
Q (kg/m3)

1.6% CMC LV 21.7 T 0.1 11.9 T 0.2 1,003 T 3

1.5% CMC, 2.5% T80 LV T80 21.5 T 0.2 5.2 T 0.1 1,004 T 4

4.2% CMC HV 378 T 2 15.0 T 0.6 1,015 T 3

4.0% CMC, 2.5% T80 HV T80 363 T 1 5.2 T 0.3 1,016 T 2

1:1 HDDA/EGDMA, 4.0 mol% DMPA disperse phase 4.65 T 0.02 Y 1,034 T 2

aAll measurements made between 20 and 22 -C. bRelative to the disperse phase.
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monodisperse droplets formed at the tip of the disperse phase

needle (Figure 6a). Near Ca ~1, drop formation transitioned to a
‘‘jetting’’ mode [11j, 12b, 31] where the disperse phase formed
an elongated thread (Figure 6b) that eventually broke into
droplets. These results confirmed the prediction of Utada

et al. [12b] that the transition to jetting should occur when
viscous effects equal surface tension effects, i.e. Ca å 1. A
disperse phase thread will break up into droplets downstream of

the needle tip when the thread becomes unstable to perturba-
tions larger than the circumference of the jet [32]. In our system,
the jetting mode produced droplets with variations in the size

distributions on the order of 10% to 15% due to the formation
satellite droplets. Thus, monodisperse droplets could not be
made arbitrarily small simply by increasing the flow rate,

though the size distribution was still more narrow than batch-
stirred emulsification techniques.

2.3. Demonstration of Complexity and Flexibility. The wide
array of commercially available tubing and tubing connectors
enables the construction of a nearly limitless range of devices.
To illustrate this principle, we constructed devices to produce

complex microparticle materials. For instance, we used the
FFD to produce biphasic, Janus-faced particles [33]. Here, two
dyes were dissolved in separate acrylate monomer solutions

and mounted in two syringes and distributed by the same sy-
ringe pump. A barbed Y-connector was then used to combine

the two disperse phases as shown in Figure 7a. The combined
disperse phase was pumped into the FFD via a male Luer-to-
barb adapter and a 30-ga needle. The Reynolds number in the
Y-connector prechannel was set to ~0.1 (combined disperse

phase flow rate was 0.35 mL/min) so that the flow was laminar,
and thus mixing of the two dyes was slow. The bi-colored
disperse phase was visible by eye as it passed through the

prechannel.

The confocal fluorescence micrographs in Figure 7b and
7c showed that the hemispheres containing rhodamine-6G
and coumarin-503 (the red and green halves, respectively)
remained well defined during droplet snap-off and afterward

until photopolymerization solidified the microparticles. We
attempted to produce Janus-faced microparticles using the sim-
ple T-junction, but the dyes were homogenized in the resulting

microparticles. The simple shear experienced by droplets in the
TJD apparently induced mixing in the droplets as they snapped
off, or as they traveled downstream before polymerization.

Thus, the axisymmetric FFD introduced here is required for
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Figure 6. High-speed video images of the TJD using HV T80 as the

continuous phase. Droplets rupturing in the (a) dripping regime and

(b) jetting regimes. Droplets produced from dripping are nearly mono-

disperse while those arising from jetting have higher dispersity. The

transition from dripping to jetting occurs at Ca ~1

Figure 7. (a) Device components used to create Janus-faced mi-

croparticles in the FFD, which is not shown here. (b) Confocal

microscope image of a group of Janus-faced microparticles with

rhodamine-6G (orange) and coumarin 503 (green) as dyes. (c) A confo-

cal microscope z-series showing the distribution of dyes throughout

the particles. Each frame is 8 Km deeper into the sample, as indicated

Figure 8. (Top) The particle concentrator which draws droplets into

a side channel while allowing most of the continuous phase to flow

to waste or other collection without the droplets. (Bottom) The side

channel may then be interfaced with a T-junction where a second

continuous phase is flowed. Thus, the original continuous phase, now

concentrated in droplets, becomes a disperse phase at a much lower rate.

The pinch clamp allows control of the relative flow rates between

the waste outlet and the side-channel flow
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producing heterogeneous, Janus-faced microparticles, demon-
strating the complementary nature of our two device geometries.

We also combined an FFD and a TJD in series to produce
complex droplet-in-microcapsule materials based on mono-

disperse double emulsions. Specifically, we wished to create a
suspension of small droplets (or polymerized particles) using
first an FFD that would then be employed as a disperse phase

in a subsequent mesofluidic junction. Because the continuous
phase flow rate from the first device (an FFD) would be too
large for use as a disperse phase at the subsequent T-junction,

we developed a device to separate the particles from most of
this phase while simultaneously reducing their velocity to a
level suitable for use as a disperse phase. We concentrated the

particles using the apparatus shown in Figure 7, top. The outlet
from an FFD was connected to a short section of tubing that had
a diameter much larger than the FFD outlet tubing. When the
flow reached the wider cavity, the linear velocity dropped and

the dense acrylate droplets from the FFD settled to the bottom
of the tube. These settled droplets were drawn into a side
channel via a large-gauge needle inserted into the bottom of

the large-diameter cavity (see Supporting Information for com-
plete details). The continuous phase that did not enter the side
channel continued to flow through the tube to waste (Figure 8,

top). In repeated use, we found that nearly 100% of the droplets
formed in the first step were diverted down the side channel. The
absolute flow rates of the side channel and the continuous phase
waste flow were not precisely determined; rather, we tuned the

relative rates using the pinch clamps to maximize the diversion
of droplets down the side channel while making sure that the side
channel flow was still small relative to the second continuous

phase. We estimate that the side channel flow rate was 5Y10% of
the total continuous phase flow rate.

The concentrated droplet suspension then became the

disperse phase in a subsequent mesofluidic T-junction (Figure 8,
bottom). To realize droplet-in-microcapsule materials, the
first continuous phase must be reactive toward a crosslinker

or polymer in the second continuous phase, thus creating a
shell by interfacial polymerization and encapsulating the
first suspension of droplets in an outer capsule. Thus, we
added polyethylene imine (PEI, 2 w/v %) to the first contin-

uous phase (A) of 1.5% carboxymethyl cellulose and 2.5%
T80 (Tween 80). The side-channel was thus brought into a
T-junction attached to the second, independently controlled

continuous phase of poly[methylene (polyphenyl) isocya-
nate] (PMPPI) in methylene chloride (B) (Figure 8, bottom).
When the microdroplet-containing aqueous phase A con-

tacted the flowing organic phase B, droplets were formed at
the T-junction and an interfacial polymerization occurred
between PMPPI and PEI, forming a tough polyurea mem-
brane upon interfacial contact. Thus, the acrylate droplets were

encapsulated within larger water-filled capsules, effectively
forming materials templated by an oil-in-water-in-oil emulsion
(Figure 9A). We also performed the experiment by photopo-
lymerizing the acrylate droplets after forming at the FFD, thus

creating microparticle-in-microcapsule materials (Figure 9B).
To the best of our knowledge, this is the first example of
complex droplet-in-microcapsule and microparticle-in-micro-

capsule materials, though others have used microfluidic devices
to make solid, internally structured microparticles [11d, 34]. We
believe these materials could be useful for creating site-isolated

[35] catalysts as well as multiple catalyst systems for multi-
step, one-pot reactions [36]. We note that the flexibility of our
mesofluidic system allowed us to rapidly improvise this com-

plex system from readily available components to create these
new materials.

3. Conclusions

Making fluidic systems available to a wider range of scien-

tists is an important goal that will help this field reach its full
potential. We have adapted the general principles of flow
chemistry into a simple system that is flexible, robust, and
versatile enough that synthetic materials groups can access

materials not previously obtainable. Herein, we have accom-
plished three significant milestones. First, we have demon-
strated that by using a combination of readily available tubes,

needles, and adapters, T-junction, and flow-focusing devices
can be easily constructed. Both of our devices produced
emulsions with low dispersity while taking only minutes to set

up. Second, we showed that these simple devices reproduce the
mechanisms of droplet formation and flow control found in
more complex devices. Our flow-focusing device was more

sensitive to capillary number and viscosity ratio than the T-
junction device, which corroborates the data of other micro/
mesofluidic researchers. High-speed video confirmed a drip-
ping-to-jetting transition in the T-junction device that may limit

the production of very small, monodisperse droplets. Finally,
we used these simple, modular devices to rapidly create Janus-
faced materials and a compound T-junction and flow-focusing

system to create complex materials.
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