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ation of milliemulsions
by step-emulsification†

Xing Huang,a Max Eggersdorfer,b Jinrong Wu,b Chun-Xia Zhao,c Zhongbin Xu,*ab

Dong Chen*abd and David A. Weitz*b

Emulsification is a key step in many processes for the production and functionalization of dispersed liquid

systems. Here, we report a versatile and robust device that generates monodisperse milliemulsions by step-

emulsification. In contrast to the conventional design in which each channel is physically separated, we use

a shallow plateau sandwiched between two parallel glass strips to connect all channels in a microcapillary

film (MCF) before emerging in a deep reservoir. Because of the open plateau that connects different

channels, the flow tips from neighboring channels may get immediately in contact with each other; this

interaction may lead to the relative movement and deformation of the flow tips, to repulsion or even

coalescence, enabling droplet generations from different channels to synchronize. By simply tuning the

interaction, we achieve Janus droplets, drops of fluids mixed at different ratios and mixed drops of

different compositions. The in situ generation of droplets with excellent control is essential for various

applications.
Introduction

Fine emulsions with controlled droplet size and composition is
critical for chemical synthesis and production of components in
pharmaceuticals, cosmetics or foods.1–3 Techniques generating
monodisperse droplets mainly include T-junctions,4 ow
focusing,5 and step-emulsication.6 In a T-junction device, the
dispersed phase is sheared off by the continuous phase at
a junction perpendicular to the dispersed phase, while in a ow
focusing device, the continuous phase co-ows with the
dispersed phase and is focused to shear the dispersed phase
into a thin thread, which ruptures via Rayleigh–Plateau insta-
bility. The step-emulsication, discovered about 20 years ago,7

is a low shear method by virtue of the spontaneous breakup of
a quasi-two-dimensional liquid stream at an abrupt widening of
the channel. A step-emulsication device usually combines
Energy Engineering, Zhejiang University,

China. E-mail: xuzhongbin@zju.edu.cn;

d Applied Sciences, Harvard University,

ail: weitz@seas.harvard.edu

nd Nanotechnology, The University of

echatronic Systems, Zhejiang University,

ina

(ESI) available: Sizes of droplets
ss of step-emulsication by a single
uences showing three synchronized
ble, and videos showing generation of
ely production of mixed and unmixed

8

a shallow channel and an abrupt (step-like) opening to a deep
and wide reservoir.8 Within the device, a dispersed phase is
pushed into the shallow channel and the inated ow tip grows
radially outwards. When the ow tip enters the wide reservoir, it
is no longer conned and expands in three dimensions,
reducing its Laplace pressure. The difference in Laplace pres-
sure between the dispersed phase in the shallow channel and in
the deep reservoir induces a ow that rapidly depletes the
dispersed phase from the shallow channel. A neck forms
between the tip and the dispersed phase in the channel that
breaks via a Rayleigh–Plateau instability.9,10 Drops produced by
step-emulsication are exceptionally monodisperse. The size of
the drops barely depends on the ow rates of the dispersed and
continuous phases below a critical capillary number and is
mainly determined by the geometry of the device, such as the
width and height of the shallow channel.11

Compared with T-junction and ow focusing, step-
emulsication provides excellent monodispersity, scalable
production frequency, the possibility to produce emulsions
with high volume fraction of the dispersed phase, low energy
consumption with low shear stress, suitable for shear sensitive
components, and simple handling of the device.12–14 In addi-
tion, combining step-emulsication with the classical ow-
focusing junction, people have achieved nanodrops with
a well calibrated size15 and double emulsions with an ultra-thin
shell.16 Step-emulsication has also been used to synchronize
two individual production channels to produce pairs of
different droplets with a well-dened volume for controlled bio-
chemical reactions17 or been developed as equivalents of
membrane emulsication to achieve high throughput of
This journal is © The Royal Society of Chemistry 2017
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View Article Online
monodisperse emulsions.18,19 Nevertheless, the advantage of
step-emulsication has not fully been explored yet.

Here, we demonstrate a facile design to manipulate the
droplets that are produced by step-emulsication via the
interactions between neighboring production channels. To
achieve this, we add a shallow plateau at the end of a micro-
capillary lm (MCF) that contains an array of hollow capillaries
embedded in a plastic lm.20,21 The shallow plateau, therefore,
connects all channels and it is found to synchronize the droplet
production of different channels through the interactions of
ow tips within the plateau. The device allows the high-
throughput generation of monodisperse droplets with easily
adjustable volume, production rate and composition.

Materials and methods

The microcapillary lm (MCF) is fabricated by polymer extru-
sion. The shallow plateau at the end of MCF is created by two
Fig. 1 Millifluidic device fabricated using a microcapillary film. Sche-
matic drawing of (a) the microcapillary film, (b) the device and (c) the
experimental setup. The millifluidic device consists of a microcapillary
film between two parallel glasses at the end, which are colored blue.
The parallel glasses create a plateau of height h � 300 mm and width l
� 1.4 mm and generatemillidrops by step-emulsification. (d) When the
fluid comes in, the plateau squeezes the fluid tip into a flat pancake
with radius r1 and height h. (e) When the fluid exists the plateau, the
fluid tip forms a spherical shape with radius r2. Laplace pressure,
therefore, drives the formation of monodisperse droplets. The scale
bars are 3 mm in (d) and (e).

This journal is © The Royal Society of Chemistry 2017
parallel glass strips. The height of the plateau is h� 300 mm and
the width is L � 1.4 mm. The surface of the device is treated
using Aquapel (PPG Industries) that renders it hydrophobic.
The whole device is submerged in a silicon oil reservoir. A
picture of the setup is shown in Fig. 1a. The dispersed phase is
DI water. The continuous phase is silicone oil (20 cSt, Gelest)
with 5 wt% Dow Corning 749 (Dow Corning). The surface
tension is 8.0 mN m�1. The dispersed phase is injected by
syringe pumps (Harvard Apparatus) into individual channels
and ows through the shallow plateau into the oil reservoir. The
oil reservoir is stationary and gravity slowly carries the drops to
the bottom of the container, as water is heavier than the silicone
oil. Drop formation is monitored with a camera. We measure
the drop size using image analysis soware (ImageJ).

Experiments and discussions

Themicrocapillary lm (MCF) is consisted of an array of parallel
hollow channels embedded in a thin plastic lm (Fig. 1a) and is
fabricated by polymer melt extrusion within a slit die with a gas-
entrainment assembly that has a row of hollow needles.22 To
fabricate the step-emulsication device, two parallel glass strips
are attached at the end of a MCF, which create a shallow
plateau, as shown in Fig. 1b. The shallow plateau connes the
uids injected from individual channels in quasi-two dimen-
sions before they enter the wide reservoir. There are no walls
that separate individual channels within the shallow plateau;
therefore, the uids from neighboring channels can interact
within the shallow plateau. The device is submerged in
a stationary oil reservoir and water is pumped through the
microcapillary channel into the oil phase, as shown in Fig. 1c.
We rst run the device as a single drop generator. The dispersed
phase is conned in a shallow plateau when it exits the
microcapillary channel and expands radially outwards
within the plateau, forming a pancake-like shape. Assuming
equilibrium conditions, the internal pressure of the ow tip is
p1 ¼ g(2/h + 1/r1), where g is the surface tension, h is the height
of the plateau and r1 is the radius of the ow tip, as shown in
Fig. 1d. Because h is much smaller than r1, the pressure is
approximated as p1 � 2g/h. As r1 increases in size, p1 remains
roughly the same. When the ow tip enters the oil reservoir, the
horizontal connement is released and the internal pressure
due to the interfacial curvature suddenly drops to p2 � 2g/r2,
where r2 is the radius of the ow tip, as shown in Fig. 1e.
Because h � r2, p1 [ p2; the pressure difference quickly drives
the dispersed phase from the shallow plateau into the oil
reservoir, forming a neck in the plateau that eventually breaks
up. Gravity then slowly carries the droplets to the bottom and
the step-emulsication process repeats periodically at
frequency f. The motion of the continuous uid within the
plateau during the step-emulsication process is directly visu-
alized through an air bubble stuck in the plateau that moves
synchronously back and forth as the ow tip grows and breaks
into drops, as shown in Fig. S1.†

The droplets generated by the device are monodisperse with
d � 1.14 � 0.06 mm, as shown in Fig. 2d. Though the droplets
are relatively large and water (rwater ¼ 1 g cm�3) is denser than
RSC Adv., 2017, 7, 14932–14938 | 14933
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Fig. 2 Time sequences of optical images showing the formation of
monodisperse droplet by step-emulsification of (a) a single channel,
(b) two channels and (c) three channels. Collective generations of
milliemulsions are observed in two channels and three channels due to
the interaction between neighboring channels. The black arrows in (b)
suggest the expanding directions of the flow tips within the shallow
plateau. (d), (e) and (f) Size distribution of droplets generated in (a), (b)
and (c), respectively. The average size of drop is d � 1.14 mm � 0.06
mm. For better visibility, the red fluid is dyed with sulfur rhodomine B
and the green fluid with Nile blue. The scale bars are 3 mm in (a)–(c).
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oil (roil¼ 0.95 g cm�3), gravity is not the main force that leads to
the droplet breakup, as evidenced by the spherical shape of the
droplet right before breakup (Fig. 2a). Consistent with step-
emulsication, two distinct regimes occurs depending on the
ow rate of the dispersed phase. When the ow rate is below
a critical value, the size of the drops barely changes as the ow
rate of the dispersed phase increases, as shown in Fig. S2.† This
regime is usually called “dripping regime”. When the ow rate
increases above the critical value, step-emulsication transi-
tions to a second regime which is usually named “continuous
outow regime”;23 the droplet remains monodisperse but the
size jumps to a much larger value of d � 4.0 mm. The critical
ow rate is 58 mL h�1, corresponding to a critical capillary
number of 0.042, which is consistent with the critical capillary
number reported previously.24 In the continuous outow
regime, the breakup is no longer dominated by Laplace pres-
sure; gravity also plays an important role, as suggested by the
non-spherical shape of the drop before pinch-off, as shown in
Fig. S2.† Below, we will focus on the collective generation of
14934 | RSC Adv., 2017, 7, 14932–14938
droplets through the interactions between neighboring chan-
nels in the dripping regime.

We extend the use of the device from a single channel to
multiple channels; each channel retains all relevant properties of
a single step-emulsication unit and is connected through the
joint shallow plateau. The synchronization of drop generation
between two neighboring channels is achieved by a cross talk of
the ow tips within the shallow plateau. For example, in the case
of two neighboring channels running simultaneously, the ow
tip of the le channel expands radially outward in two dimen-
sions when it reaches the plateau, expelling the uid next to it.
Subsequently, the uid from the right channel reaches the
plateau and also expands within the plateau, pushing the le
ow tip into the oil reservoir. When the le ow tip enters the
reservoir, its Laplace pressure changes rapidly and the uid is
quickly retracted from the plateau into the reservoir; this, in turn,
aids the expansion of the right ow tip within the plateau, as the
volume of the le uid shrinks quickly and pulls neighboring
uid inward.When a droplet is pinched off from the le channel,
a new ow tip emerges and expands within the plateau, expelling
the right ow tip. Next, a droplet will be formed from the right
channel, and the cycle is repeated, resulting in an alternating
droplet production, as shown in Fig. 2b. When the number of
channels increases to three or more, the productions of droplets
are synchronized; even-numbered channels generate drops at the
same time while odd-numbered channels generate drops
between the intervals, as shown in Fig. 2c and S3.† The
synchronized motion of multiple channels generates mono-
disperse droplets with a narrow size distribution, as shown in
Fig. 2e and f. The collective motion maintains at high ow rates,
up to Q ¼ 54 mL h�1 of each channel. The size and dispersity of
drops generated by the collective motion is comparable to that of
a single emulsier but at a much higher throughput, as shown in
Movie S1.†

The interactions of the ow tips within the shallow plateau
may lead to relative movement and deformation of the inter-
faces, to repulsing or coalescence of the droplets, respectively;
therefore, droplets can be manipulated through these interac-
tions. When neighboring channels are infused with the same
volumetric ow rate (QL¼QR¼ 2mL h�1), droplet production is
automatically synchronized and their corresponding produc-
tion frequencies, fL and fR, are equal (50 : 50), as shown in
Fig. 3a. When we keep the ow rate of the right channel at QR ¼
2mL h�1 and slightly increase the ow rate of the le channel to
QL ¼ 2.5 mL h�1, le and right channels still produce drops at
nearly the same frequency (50 : 47) and the small difference in
the ow rates causes a slight difference in the drop sizes, one at
d ¼ 1.07 mm and the other d ¼ 1.11 mm, as shown in Fig. 3b
and f. This suggests that the synchronization of neighboring
channels helps eliminate the disturbances like an impulsive
increase of ow rate and keep the drop formation of the
neighboring channels in the same pace. However, when the
ow rate of the le channel further increases, the rate of drop
production increases because the sizes of drops produced
through step-emulsication changes very slightly at different
infused ow rates of the dispersed phase, as shown in Fig. 3c
and d. For example, when the ow rate of the le channel
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Interaction between two neighboring channels. (a) Synchro-
nized generation of monodisperse droplets between two neighboring
channels infused with flows of same rate, QL ¼ QR ¼ 2 mL h�1. (b)
When the flow rate of the left channel increases to QL ¼ 2.5 mL h�1,
interaction between neighboring channels keep droplets generated at
the same rate from the two channels. When the flow rate increases to
(c) QL ¼ 3 mL h�1, (d) QL ¼ 3.5 mL h�1 and (e) QL ¼ 4 mL h�1, the left
channel generates one extra drop every three drops, two drops and
one drop, respectively. The extra drops are highlighted by the white
dashed outlines. (f), (g) and (h) Size distribution of drops generated in
(b), (c) and (e), respectively. The red arrows in (f) suggest the very small
size difference due to the difference in flow rate in (b). The scale bar is
3 mm.

Fig. 4 Interaction between three neighboring channels. The behavior
of three channels is similar to that of two channels. When the flow rate
of the middle channel (QM ¼ 2.5 mL h�1) is slightly larger that of the left
and right channels (QL ¼ QR ¼ 2 mL h�1), droplets are generated at
same frequency. When the flow rate of the middle channel increases
to QM ¼ 3 mL h�1, QM ¼ 3.5 mL h�1 and QM ¼ 4 mL h�1, the middle
channel generates an extra droplet every three droplets, two droplets
and one droplet, respectively. The extra drops are highlighted by the
black dashed outlines. The scale bar is 3 mm.

Fig. 5 Time sequences showing the flows of two closely spaced
neighboring channels merging at the plateau and forming mono-
disperse Janus drops. At low flow rate, the tips of neighboring flows
have more time touching each other and are more susceptible to
dewetting. The fluids from the left and right channels are colored with
different dyes to render them visible. The scale bar is 3 mm.
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increases to QL ¼ 3 mL h�1, both le and right channels
produce monodisperse drops but at different frequencies with
a ratio of fL : fR ¼ 4 : 3 (or 50 : 38), as shown in Fig. 3c and g.
When the ow rate of the le channel is 3.5 mL h�1, the
frequency ratio of the two channels is fL : fR ¼ 3 : 2 (or 50 : 32).
When the ow rate of the le channel (QL ¼ 4 mL h�1) is double
of that of the right channel (QR ¼ 2 mL h�1), the production
frequency of the le channel also doubles (fL : fR ¼ 2 : 1 (or
50 : 27)), as shown in Fig. 3e and h.

The behavior observed in two channels can be generalized to
multiple channels. In a device of three channels operating
simultaneously, the le and right channels generate drops at
the same time while the middle channel generates drops in the
interval in between, as shown in Fig. 4a. When keeping the ow
rates of the le and right channels constant at QL ¼ QR ¼ 2 mL
h�1 and changing the ow rate of the middle channel, different
ratio of the production frequencies between the channels can
be achieved, e.g. fL : fM : fR ¼ 1 : 1 : 1 for QM ¼ 2.5 mL h�1,
fL : fM : fR ¼ 3 : 4 : 3 for QM ¼ 3 mL h�1, fL : fM : fR ¼ 2 : 3 : 2 for
QM ¼ 3 mL h�1 and fL : fM : fR ¼ 1 : 2 : 1 for QM ¼ 4 mL h�1, as
shown in Fig. 4b–e.

The main inuence of the direct contact of the ow tips of
neighboring channels in the shallow plateau is physico-
chemical interactions25 and strongly depends on the contact
This journal is © The Royal Society of Chemistry 2017
time,26 which directly impacts the features of the nal emul-
sions. For example, at a relatively low ow rate, the ow tips of
two closely spaced channels have more time in contact while
expelling each other and are, therefore, more susceptible to
coalescence. Eventually, the two ow tips merge together within
the plateau, forming monodisperse Janus drops, as shown in
Fig. 5. The drops generated by the merged ow of le and right
channels (QL ¼ QR ¼ 1 mL h�1) are monodisperse and are
slightly larger (d � 1.35 mm) than that produced from a single
channel (d � 1.1 mm), as shown in Fig. 6a and f. By keeping the
ow rate of the right channel at QR ¼ 1 mL h�1 and increasing
the ow rate of the le channel, we achieve monodisperse drops
of uids mixed at different volume ratios, e.g. VL : VR ¼ 5 : 4 for
QL ¼ 1.25 mL h�1 and VL : VR ¼ 3 : 2 for QL ¼ 1.5 mL h�1, as
shown in Fig. 6b, c and g. However, when the ow rate of the le
channel further increases to QL ¼ 1.75 mL h�1 and QL ¼ 2 mL
h�1, the device produces alternatively one drop from the le
RSC Adv., 2017, 7, 14932–14938 | 14935
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Fig. 6 Flow dependence. The flows from neighboring channels tend
to merge together before they break up. (a) The drop size of mixed
fluid (flow rate QL ¼ QR ¼ 1 mL h�1 and volume ratio VL : VR ¼ 1 : 1) is
monodisperse. By increasing the flow rate of the left channel to (b)QL

¼ 1.25 mL h�1 and (c) QL ¼ 1.5 mL h�1, monodisperse drops of fluid
mixed at different volume ratio, VL : VR ¼ 5 : 4 and VL : VR ¼ 3 : 2, are
achieved, respectively. When the flow rate increases to (d) QL ¼ 1.75
mL h�1 and (e)QL ¼ 2 mL h�1, drops of fluid from left channel only and
drops of mixed fluid are generated alternatively, showing bimodal
distributions of drop size. The edges of drops from the left channel
only are highlighted by white dashed circles. (f), (g) and (h) Size
distribution of drops generated in (a), (c) and (e), respectively. The scale
bar is 3 mm.

Fig. 7 Dependence of droplet coalescence on flow rate and device
geometry. (a) The flow tips from neighboring channels are pushed
towards each other in the plateau, which is caused by the fact that the
fluid between the flow tips has a higher velocity and thus a lower
pressure than the fluid on the two sides. The black dashed line depicts
the left flow tip when generated in a single channel emulsifier. (b)
Three regions of flow behaviors that depend on the capillary number,
Ca, and the device geometry, S/L: (I) the flow tips coalesce and break
up in the dripping regime; (II) the flow tips do not coalesce and break
up into droplets alternatively in the dripping regime; (III) the flow rates
are too high that the step emulsification transitions to the continuous
outflow regime.
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channel and one drop of mixed uids from both le and right
channels (Fig. 6d, e and Movie S2†); drops of mixed uids are
generally larger than that from a single channel, which shows
a bimodal size distribution (Fig. 6h). In contrast to other devices
containing shallow plateaus before the deep reservoir, such as
the edge-based droplet generator27 and the asymmetric through-
hole-array devices,28 this design allows adjustable interactions of
the independently controlled different dispersed phases. There-
fore, multi-component droplets can be produced by step emul-
sication and the composition can be tailored by virtue of the
interaction occurred in the shallow plateau.

The coalescence of the ow tips of neighboring channels in
the shallow plateau strongly depends on the device parameters,
mainly the width of the plateau, L, and the spacing of the two
channels, S. In experiments, the widths of plateau are varied
from 1 to 2mm, while the spacing of the two channels is adjusted
from to 1.2 to 2.8mm. The height of the plateau is kept�200 mm.
When S > L, it is generally considered that neighboring ow tips
are not able to coalesce, since the distance between them is larger
than their diameters. However, the experiments show that
neighboring ow tips are pushed towards each other spontane-
ously and coalesce even when S > L. The phenomenon can be
attributed to the fact that the continuous uid between the
neighboring tips is dragged by the two ow tips and has a higher
14936 | RSC Adv., 2017, 7, 14932–14938
velocity, leading to a lower pressure in the middle region.
Therefore, neighboring ow tips are pushed towards each other,
as shown in Fig. 7a, and the ow tips of same ow rate can always
coalesce when S/L is less than 1.2, as shown in Fig. 7b. When S/L
is between 1.2 and 1.7, the behavior of neighboring ow tips
strongly depends on their ow rates. When the ow rates are low,
the “push” effect is weak and neighboring ow tips break up into
droplets alternatively. When the ow rates increase, the “push”
effect becomes stronger and neighboring ow tips are able to
coalesce again, as shown in Fig. 7b. The coalescence disappears,
when the ow rates are too high that the ow tips do not have
enough contact time. When S/L is larger than 1.7, it is too far for
neighboring ow tips to coalesce. The ow behaviors eventually
transition from the coalescence and alternative dripping regimes
to the continuous outow regime as the capillary number
increases, as shown in Fig. 7b.
This journal is © The Royal Society of Chemistry 2017
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The conditions, at which droplets from neighboring chan-
nels coalesce, are useful in two aspects. First, in the case of
producing droplets in high throughput, it is expected to put the
parallel channels as closely as possible. However, the coales-
cence conditions indicate that the spacing of the channels must
be larger than 1.2L to prevent unexpected coalescence which
may lead to a high polydispersity. Second, when Janus droplets
are to be produced, these coalescence conditions also show that
the device parameters and the ow rates are strictly limited.

The facile device designed in this paper is robust for collective
generation of milliemulsions. Fluids with different properties
and compositions can be dispersed in the same device. For
example, air bubbles and water droplets can also be synchro-
nized, as shown in Fig. S4.† Because of the simple design of each
production unit, mass production of monodisperse droplets that
meets the industrial requirement can be achieved by paralleliz-
ing droplet generation that incorporates a large number of
droplet generation units.29 Meanwhile, microcapillary lms are
much cheaper than the widely used single crystal silicone or
PDMS chips, which is meaningful in parallelization of such
milliemulsion generator. The monodisperse droplets produced
by the device are useful templates for producing uniform
microcapsules30 and microparticles for various applications.31–34

Conclusions

We describe a microuidic device using a microcapillary lm
that offers an adjustable control of droplet production. We use
a shallow plateau to join all microcapillary channels together
and introduce droplet interactions including contact, bouncing
and coalescence during the step-emulsication process; this
cannot be achieved in isolated channels. In the shallow plateau,
ow tips of neighboring channels can directly contact each
other; this interaction results in self-synchronized generation of
droplets in an alternating way between neighboring channels.
Depending on the contact time, it is possible to manipulate the
droplets' composition by coalescence to facilitate complex
chemical or biological processing. In addition, because uids
are mixed at the exit, blockages due to the formation of
precipitates are avoided. We anticipate that the device which
produces droplets of millimeter size that are visible by naked
eyes will signicantly broaden the scope of applications.
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