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A method is described for the formation of stable, composite aqueous
emulsions of 1) combinations of distinct families of bubbles of nitrogen,
2) combinations of distinct families of droplets of an organic fluid (either
perfluoro ACHTUNGTRENNUNG(methyl)decalin or hexadecane), and 3) combinations of
bubbles and droplets. A system of two or three microfluidic flow-
focusing units is coupled to a single outlet channel. The composite
emulsions can be precisely tuned, both in their composition and in the
number fraction of components—either bubbles or droplets—of different
types. The use of microfluidic technology, with closely coupled flow-
focusing units, guarantees that the emulsions are mixed locally at a con-
trolled local stoichiometry. The emulsions self-assemble in a nonequilibri-
um process to form a wide variety of highly organized periodic lattices.
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1. Introduction

Microfluidics offers convenient methods for the prepara-
tion of monodisperse dispersions of gas in liquid,[1–6] and of
liquid in liquid.[4,7–10] The popular geometries used for con-
trolled formation of bubbles and droplets in microfluidic
channels include the T-junction[4,6, 7, 9] and flow focusing.[1,2, 8]

Other methods exist, including breakup in a microterrace
geometry,[11] in diverging channels,[12] and across a plate with
arrays of channels.[13] Most of these methods make it possi-
ble to form dispersions characterized by narrow size distri-
butions, to control the mean size of the bubbles and drop-
lets, and to tune the volume fraction of the disperse phase.

Bubbles and droplets on microfluidic chips find a growing
number of uses, including chemical and biological assays
inside droplets,[14,15] encapsulating cells,[16–18]and chemical
synthesis of nanoparticles[19–21] and nonspherical parti-
cles.[22–24]

1.1. Microfluidic Methods for the Formation of Emulsions

Microfluidic systems offer an ability to engineer flow
that is also useful in the formation of complex and compo-
site emulsions. Torii and co-workers reported the use of two
consecutive T-junctions for the formation of double emul-
sions (drops within drops).[25] Weitz and co-workers have
also demonstrated the use of an axisymmetric device for the
formation of complex emulsions.[26] Less attention has been
paid to the formation of emulsions that contain more than
one kind of the disperse elements of fluid (here we call such
emulsions “composite”). Ismagilov and co-workers used a
T-junction device to generate bubbles separating aqueous
droplets and showed the usefulness of this technique in ana-
lytical applications.[27]
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1.2. Generation of Periodic Arrays of Droplets and Bubbles
in Microfluidic Devices

Microfluidic systems that generate bubbles or droplets
often allow for dynamic self-organization of the bubbles and
droplets into flowing, highly ordered lattices.[1,2, 5,28–32] Curi-
ously, in spite of the fact that these structures are formed in
an open—that is, dissipative—system, in an out-of-equilibri-
um process, the structure of the lattices can be understood
by, or can at least be related to, the interfacial energy of the
bubbles. For volume fractions of the disperse phase not ex-
ceeding 0.91 (maximum coverage of a plane by monodis-
perse disks), the bubbles and droplets form either rhombic
or hexagonal assemblies, and there is a unique relation be-
tween the volume of the bubbles, the volume fraction of the
disperse phase, and the structure of the periodic lattice.[2,30]

This observation can be related to the preservation of the
smallest possible deformation of the area-minimizing spheri-
cal shape (or discoid when bubbles and droplets are
squeezed between the top and bottom walls of the outlet
channel) of the bubbles and droplets. For volume fractions
approaching unity, with the volume of each monodisperse
bubble held constant, there is more than one possible or-
dered arrangement.[33] In a model system that we analyzed
previously, all of the experimentally observed structures
could be related to one of many local minima of the inter-
ACHTUNGTRENNUNGfacial energy of a quasi-two-dimensional (2D) foam.[34]

1.3. Dynamic Templating and External Control over the
Patterns

Although some elements of the mechanisms of forma-
tion of the ordered lattices are known,[5, 33,35] the out-of-equi-
librium process of self-organization in the confinement of a
microfluidic channel is not completely understood. The
structure of the periodic lattices can be controlled (or
changed) by changing the resistance of the outlet channel,
or, equivalently, by changing the pressure applied to the
system[5] or the total rate of flow of fluids through the
device.[33] The ability to control (or at least “affect” in a pro-
nounced way) the process of self-assembly, by changing a
small number of parameters that drive the system, lies at
the core of the interest in dynamic self-assembly.[36, 37] Inter-
esting processes are those that generate structures in dissi-
pative systems, and allow for alteration of the characteristics
of these structures by tuning the external forces that drive
the system. Here, we present an example of such a system
and show that it is possible to engineer the structure of the
composite lattices of bubbles and/or droplets.

2. Experimental Design

The system of a number of flow-focusing (FF) units
combined into a single device can produce multiple distinct
families of droplets or bubbles, with each family consisting
of a large number of identical (monodisperse) components
(i.e., bubbles and droplets). The system allows for extensive

external control over the size and the size distribution of
these components. We use these characteristics of our
system to introduce complexity into the process of dynamic
self-assembly of bubbles and droplets into regular lattices in
microfluidic channels. Remarkably, over a wide range of pa-
rameters, these emulsions form highly ordered and stable
lattices rather than random assemblies. These characteristics
provide the basis for a simple experimental system that dis-
plays a perplexingly rich dynamic behavior manifested in
the formation of a wide range of regular, but surprisingly
complex, lattices of bubbles and droplets. Tuning the param-
eters that can be controlled externally—the rates of flow of
all the fluids—results in changes in the number and volume
fractions of each of the constituents of the composite foam
and, as a consequence, in a change of the structure, symme-
try, and morphology of the heterogeACHTUNGTRENNUNGneous periodic lattices.

2.1. Design of the Device

We used multiple FF generators, fabricated in polydi-
methylsiloxane (PDMS) by conventional procedures,[38] con-
nected to a single outlet channel to form the composite
structure of bubbles and droplets. Figure 1 illustrates the ge-
ometry of the device used to form the composite emulsions
and lattices. We placed independent FF generators in paral-
lel, which fed into the end of a common channel. Each of
the FF units can independently form distinct families of
bubbles or droplets; the parameters of flow of each genera-
tor are individually addressable. Remarkably, the different
FF generators interact; the performance of each FF genera-
tor is influenced by the others.

2.2. Choice of the Fluids

To prepare a composite lattice in the channel, we need
to choose a set of fluids with the following properties: 1) the
emulsions of disperse phases must be stable against coales-
cence, 2) the continuous phase must wet the walls of the
channels, and 3) the continuous phase cannot swell
PDMS.[39,40] Due to the low aspect ratio (height to width) of
the outlet channel, the composite lattices that we prepared
are quasi 2D; they comprise bubbles and droplets that are
squeezed into discoid shapes, and the swelling of the contin-
uous phase to PDMS causes the height of the channel to be
nonuniform.[22]

To meet these three requirements, we chose aqueous so-
lution of surfactants (SDS or Tween 20) as the continuous
phase. The purpose of using surfactants is 1) to prevent coa-
lescence between bubbles and droplets and 2) to facilitate
wetting of the aqueous continuous phase to the inner wall
of the channel. The use of surfactants makes it possible for
both gas bubbles and oil droplets to form and coexist in the
same flow. At the concentrations that we used (that is,
above their critical micelle concentration), both Tween 20
(1% w/w) and SDS (2% w/w) worked equally well to gen-
erate lattices with stable structures.
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The aqueous phase also does not swell PDMS.[40] We
kept the inner walls of the PDMS channel hydrophilic by in-
troducing the continuous phase to the channel immediately
after the preparation of the channel.[38] For the disperse
phases we chose nitrogen, PFMD, and hexadecane, although
other gases and organic fluids should also give analogous re-
sults.

2.3. Delivery of the Fluids

We used digital syringe pumps to deliver the liquid (e.g.,
water, hexadecane, and PFMD) to the device; the pump
supplied liquids to the system at a constant volumetric rate
of flow. We used a pressure-regulating valve connected to a
pressurized gas tank (e.g., nitrogen) to deliver the gas to the
device at constant pressure. The volumetric rate of flow of
gas could be estimated as the product of the volume of the

bubbles and the frequency of their generation. (Here, both
parameters can be established by image analysis.) We did
not characterize the volumetric rate of flow of gas, however,
since in this work we were primarily interested in the quali-
tative characteristics of the behavior of the system. In the
following, we describe the formation of composite lattice
structures comprising either gas bubbles or liquid droplets,
or both coexisting in the same continuous phase.

3. Results and Discussion

3.1. Convention

Throughout this article, the figures in parentheses, (Qc

(mLh�1), pd (psi)), denote the rate of flow of the continuous
phase and applied pressure of the gaseous disperse phase
(i.e., nitrogen), respectively. The figures in brackets, [Qc

(mLh�1), Qd (mLh
�1)], denote the rates of flow of the con-

tinuous phase and the liquid disperse phase (i.e., PFMD or
hexadecane), respectively.

3.2. Composite Lattice of Gas Bubbles

We first investigated the formation of multimodal emul-
sions of nitrogen in an aqueous solution of surfactant (SDS;
2% w/w). We used two FF units coupled to a single outlet
channel, and inferred that these two units interacted from
the synchronization of their generation of bubbles. When a
bubble was forming in one generator, the resistance of the
outlet channel increased,[41,42] and the speed of the advance
of the gas thread in the other generator simultaneously de-
creased, because the speed of the pressure-driven flow is in-
versely proportional to the fluidic resistance. The pinch-off
of the thread of the gas in one channel, in turn, accelerated
the advance of the gas in the other channel. As a result, the
gas threads in the two neighboring generators broke up in
alternation. We have previously described a system of five
FF elements coupled in series and fed from a common
source of the continuous fluid; the system produced very
long, stable, and repeating series of bubbles of different
sizes.[43] The system that we study here is simpler than the
previous one[43] in that it contains a smaller number of FF
units which are independently addressable (fed) with the
fluids; the system is also simpler in the observed dynamics.
Similarly to the multi-orifice system,[43] the behaviors that
we describe here are reproducible and stable over wide
ranges of the rates of flow of the various phases.

As the resistance of the outlet channel depends on the
structure of the foam that occupies (flows in) it, after chang-
ing the rates of inflow of the fluids into the device we had
to allow the system to stabilize for intervals of time ranging
from seconds to minutes. After this time, the system settled
in a defined cycle of generation of bubbles. We thus ob-
tained stable lattice structures that did not change with time
(Figure 2). In this system, however, even a slight change in
the flow parameters (e.g., 5% increase in the applied pres-
sure) in one generator completely altered the behaviors of

Figure 1. Schematic illustrations of multiple FF generators connected
to a single outlet channel. a) Two FF generators placed in parallel
and b) three FF generators placed in parallel. The abbreviations cp
and dp denote the inlets of continuous and disperse phases, respec-
tively. The arrows indicate the direction of the flow of each phase.
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both generators. It is thus more difficult to predict the size
and dispersity of bubbles forming in a system of coupled FF
generators than in a single FF unit.[1,2, 31,44] In a single FF
generator, we expect simple transitions from the monodis-
perse regime to the bidisperse regime, in response to the in-
crease in the rate of flow.[2,45] In the coupled arrangement,
the system is stable in either the monodisperse or bidisperse
regime, but it is difficult to generalize the trend of the be-
havior. For example, an increase in the applied pressure in
one generator, with all other parameters held constant, re-
sulted in an unexpected transition of the pattern of the
breakup in the generator. Figure 2a ii–vi shows this transi-
tion of breakup patterns. The bottom generator produced
bubbles of varying size—changing from polydisperse to bi-
disperse to monodisperse to bidisperse to monodisperse—as
the applied pressure to the bottom generator was increased
stepwise. The fluctuation of the resistance in the outlet
channel affects the size and dispersity of bubbles that are
formed in both FF generators; since the formation of bub-
bles in each generator is strongly coupled, we cannot predict
the behavior of one generator separately.

We do not presently have a “theory” of these coupled
systems—the dynamics of two coupled generators are too
complex to predict. We still found that at a high rate of flow
of the continuous phase (8.0 mLh�1; Figure 2c), the systems
allowed independent control over the size of the bubbles.
This observation is perhaps explained by the fact that the
increase of the pressure drop in the outlet channel, due to
the high rate of flow of the continuous phase (since we need
to apply higher pressure to the system to sustain the im-
posed rate of flow), moderates the relative fluctuation of
the pressures in the generators that results from the forma-
tion of individual bubbles. As a result, the formation of bub-
bles in one generator is less dependent on the other genera-
tor, and individual controls over the size of bubbles are al-
lowed.

The structure of the foam in the outlet channel depend-
ed sensitively on the flow parameters. Although it was possi-
ble to obtain stable periodic assemblies for many combina-
tions of flow parameters, the structure of the lattice in the
outlet channel could also be disordered. Figure 3 displays a
series of time-resolved images of the dynamic self-assembly
of composite lattices. In this example, the structure of the
lattice alternates between ordered and disordered states.
The size of a bubble produced in one generator closely in-
fluences the size of the immediately subsequent bubble pro-
duced in the other generator. If one generator produces a
slightly larger bubble than the preceding one, the next
bubble produced is smaller than the preceding bubbles. The
disproportion of the size of the bubbles increased as more
bubbles formed subsequently (Figure 3d–j), and the system
displayed irregular dynamics. After a certain interval of
time (here, �1.5 s), the system locked back to the original
periodic dynamics, with each generator producing monodis-
perse bubbles (Figure 3 m and n). The system continued to
switch between the simply periodic and irregular dynamics.

Figure 2. Optical micrographs of the self-assembled structures of
nitrogen bubbles. a) Variation of the applied pressure of the nitro-
gen. The pressure applied to the bottom generator was varied, while
the pressure applied to the top generator was held constant. The
rate of the continuous phase was held constant for both generators.
i) Only the top generator produced bubbles. ii) Both generators pro-
duced polydisperse bubbles. iii) Both generators produced bidis-
perse bubbles—large and small—in alternation. iv) Both generators
produced monodisperse bubbles. v) The top generator produced
monodisperse bubbles and the bottom generator produced bidis-
perse bubbles. vi) Only the bottom generator produced bubbles.
b) Variation of the rate of flow of the continuous phase; the pressure
applied to the system was fixed, and the rate of flow of water
applied to the top generator was varied. i) The system produced
monodisperse bubbles in both generators, and formed a stable
structure of the composite lattice. ii) Both generators produced
mostly (�80%) monodisperse bubbles. The top generator occasion-
ally produced different sizes of bubbles, and stable structures of the
composite emulsions were not obtained. iii) The top generator pro-
duced bidisperse bubbles and the bottom generator produced mono-
disperse bubbles. An ordered, composite lattice of bubbles was
formed. c) Ordered structure of bubbles at high rates of flow of the
continuous phase (8.0 mLh�1). Both monodisperse and bidisperse
stable lattice structures were accomplished. In (ii) and (iii), the rela-
tive sizes of bubbles are controlled.
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3.3 Composite Lattice of Liquid Droplets

We also investigated the formation of liquid droplets in
the same system comprising two FF units coupled to a
single outlet channel. We used PFMD for the disperse
phase and an aqueous solution of SDS (2% w/w) for the
continuous phase. Droplets of PFMD were stable against
coalescence in the presence of this surfactant.

When forming liquid droplets, we used digital syringe
pumps to deliver the disperse fluid to the system; we set the
volumetric rates of flow delivered to the system constant. In
contrast to the formation of gas bubbles, where we set the
pressure of applied gas constant, we observed that the two
FF units interacted less than in the gas–liquid system. The
rate of pressure-driven flow depends on the fluctuation of
fluidic resistance in the device, while the rate of volumetric
flow stays nearly constant for a set value. Since the neigh-
boring unit causes the fluctuation of the resistance, the two
FF units influence each other more significantly for pres-
sure-driven flows than for volumetric flows. The strength of
the interaction also plausibly reflects the fact that liquids
are much less compressible than gases. As a consequence,
we were able to exert precise, independent control over the
operation of each of the two units, and tune the size and fre-
quency of the formation of the droplets with greater pre-
dictability.

We created composite lattices made up of two different
sizes of droplets. To control the size of the droplets, the rate
of flow of the disperse phase was changed. The size of the
droplets varied continuously and monotonically in response
to the rate of flow of the disperse phase (Figure 4a–f). As
we increased the rates of flow of the continuous phases, the
volume of each droplet became lower than that at lower
rates of flow of the continuous phases. The span of the
outlet channel held three rows of droplets, and we observed
that the droplets assembled into a hexagonal lattice with pe-
riodic defects (Figure 4 g and h). Again, the relative sizes of
the droplets were tuned by the rate of flow of the disperse
phase.

The same system also permitted the control of the stoi-
chiometry of droplets formed in each generator. The fre-
quency of the formation of the droplets is controlled by the
rate of flow of the continuous phase. We obtained stable
composite lattices, in which the ratio of the frequencies of
formation of the droplets (n :1; n=1–4) was controlled by
changing the rates of flow in each of the two generators
(Figure 5a–d). The increase in the rate of flow of the contin-
uous phase (water), with the rate of flow of the disperse
phase (PFMD) held constant, resulted in two simultaneous
changes: 1) an increase in the frequency of the breakup of
the droplets, and 2) a decrease in the size of the droplets.
(For the sets of flow rates we examined, the families of
droplets formed in each generator stayed monodisperse.)
The change in the size of the droplets can be, to some
extent, compensated by the change in the rate of flow of the
disperse phase. These controls over the size and frequency
of the droplets permitted formation of stable, ordered lat-
tice structures consisting of two sizes of droplets with de-
fined stoichiometry.

Figure 3. Time-resolved optical images displaying the transition from
the ordered to the disordered structure of a self-assembled lattice of
bubbles. a–c) Ordered, self-assembled lattice of bubbles. d) The
bottom generator produced a larger bubble than the preceding
monoACHTUNGTRENNUNGdisperse bubbles. This larger bubble caused the top generator
to produce a smaller bubble. e–j) The fluctuation of the size of the
bubbles formed in each generator gradually increased, and the dis-
proportion in the size of bubbles formed in each generator became
prominent. Both generators produced polydisperse bubbles, and the
bubbles in the outlet channel formed disordered structures. k, l) The
formation of the bubbles in the two generators started to stabilize
again—each generator produced relatively similar sizes of bubbles in
alternation. m,n) The system regained a steady state in which the
generators produced monodisperse bubbles to form an ordered
structure in the outlet channel.
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3.4. Mixed Composite Lattice of Gas Bubbles and Liquid
Droplets

As disperse nitrogen gas, fluorocarbon liquid, and hy-
drocarbon liquid are stable against coalescence in an aque-
ous solution of surfactants, we were able to generate compo-
site lattices of bubbles and droplets coexisting in the same
continuous phase. Here, we demonstrate the formation of a
mixed lattice of nitrogen gas bubbles and PFMD droplets.

Figure 6 displays composite lattices consisting of bubbles
and droplets, with an aqueous solution of SDS (2% w/w) as
the continuous phase, and PFMD and nitrogen gas as the
disperse phases. The formation of the bubbles synchronized
spontaneously with the formation of droplets: when a drop-
let of PFMD was forming in the FF orifice, the thread of
gas in the neighboring orifice “waited” upstream, and ad-
vanced into its orifice only after the droplet of PFMD had
detached and moved into the outlet channel. In contrast to
the system in which both generators formed liquid droplets,
the formation of gas bubbles is strongly coupled with the
formation of liquid droplets. We demonstrated some control
(although not yet fully characterized) over the number ratio
of the bubbles and droplets in the outlet channel (Fig-
ure 6a–d). At high pressures of applied gas (p>1.0 psi), the
bubbles and droplets filled the outlet channel at a high frac-
tion of coverage of the channel floor (greater than 0.91),
and the projections of the bubbles and droplets onto the
floor of the channel became distorted into noncircular
shapes (Figure 6e–g). Unlike the system of gas bubbles with
high volume fraction (close to 1) that we described in a pre-
vious paper,[33] the operation of the system was stable over
time.

3.5. Systems Composed of Three Flow-Focusing Generators

The simultaneous use of three generators (Figure 1b)
made it possible to increase the variety of composite lattices
that can be generated. As we could control the flow param-
eters of each of the three generators independently, we

Figure 4. Optical micrographs of stable lattices of PFMD droplets. The
size of droplets formed in each generator was controlled by tuning
the rates of flow in each of the two FF units. a–f) The rate of flow of
PFMD of the top generator was increased (with a 0.05 mLh�1 incre-
ment, starting from 0.45 mLh�1), and the rate of flow of PFMD of the
bottom generator was decreased (with a 0.05 mLh�1 decrement,
starting from 0.45 mLh�1). The flow rate of water was held constant
(0.18 mLh�1). The size of the droplets sensitively responded to the
change in the rate of flow of PFMD. The series of micrographs shows
the stepwise change in the size of the droplets. g,h) The images
show another example of the response of the size of droplets to the
rate of flow of PFMD. The rate of flow of water was held at
0.68 mLh�1, a value higher than that in the example shown in (a–f).
The system generated smaller droplets, which packed into a hexago-
nal pattern with periodically missing droplets (i.e., every third drop-
let in the middle row).

Figure 5. Optical micrographs of stable lattices of PFMD droplets. The
control over the stoichiometry of the droplets produced in each gen-
erator by changing the frequency of the formation of droplets is dem-
onstrated. The rate of flow of PFMD was kept nearly constant
(�0.70 mLh�1) and the rate of flow of water was varied. The higher
the rate of flow of water, the higher the frequency of formation of the
droplets in each generator. The ratio of the frequencies of formation
of droplets (top generator to bottom generator) is: a) 1:1, b) 2:1,
c) 3:1, and d) 4:1.
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were able to address the size and composition of each of the
building blocks of the composite emulsion. Figure 7 displays
examples of lattices that formed in a channel connected to
three FF generators. The timing of the breakup of the gas
or liquid at neighboring generators—that is, generators 1
and 2, and generators 2 and 3—are again, to a certain
degree, synchronized.

The same system also permitted the formation of com-
plex, composite lattices comprising three different compo-
nents. We generated stable lattices by changing the size and
stoichiometry of the three elements (Figure 8 and Figure 9).
The examples in Figure 8 show composite lattice structures
consisting of nitrogen bubbles, PFMD droplets, and hexade-
cane droplets. Although the system still needs to be fully
characterized, it operated somewhat similarly to the system
of two FF generators. For example, we obtained a mixture
of PFMD droplets, nitrogen bubbles, and hexadecane drop-
lets with a stoichiometric ratio of 1:1:1 (Figure 8c). An in-
crease in the rate of flow of water in generator 2 (for nitro-
gen bubbles) doubled the frequency of the formation of
bubbles; we obtained a combination mixture of the same
emulsions, with a stoichiometric ratio of 1:2:1 (Figure 8d).
Finally, an increase in the rate of flow of hexadecane in gen-
erator 3 resulted in an increase in the size of the hexadecane
droplets, with the stoichiometric ratio of the emulsions re-
maining unchanged (Figure 8e). This demonstration makes
it clear that sensible choice of the flow parameters permits
control over relatively complex structures that are generat-
ed in the outlet channel.

Figure 6. Optical micrographs of stable, periodic composite foams
consisting of nitrogen bubbles and PFMD droplets. a–d) Variation in
the stoichiometric ratio of PFMD droplets and nitrogen bubbles.
e–g) Stable, ordered pattern of noncircular mixed foam (with the
volume fraction greater than 0.91). Note that the bubbles of nitrogen
appear to have darker rims than the droplets of PFMD, due to the
large difference in the index of refraction between nitrogen and
water.

Figure 7. Optical micrographs of composite lattices formed in the
channel connected with three generators. a–d) Composite lattices of
PFMD droplets. Similarly to the system of two FF generators, the ratio
of flow parameters in each generator influences the relative sizes of
the PFMD droplets formed in each generator. e–g) Composite lattices
of PFMD droplets and nitrogen bubbles. The bubbles spatially sepa-
rated the PFMD droplets in the outlet channel.

Figure 8. Optical micrographs of composite lattices formed in the
system of three FF generators. The generation of stable lattices con-
sisting of three different elements is demonstrated. a–e) Composite
lattices consisting of PFMD droplets, nitrogen gas bubbles, and hexa-
decane droplets. The parameters of the flow in each generator influ-
enced the size and stoichiometry of each element in the composite
lattice structure obtained. The ratios of the number of droplets and
bubbles are a) 1:2:2, b,c) 1:1:1, and d,e) 1:2:1 for PFMD droplets/
nitrogen bubbles/hexadecane droplets, respectively. These three ele-
ments mixed locally at the entrance of the outlet channel to form a
stable lattice structure.
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Figure 9 displays the lattice structure generated in the
same system using a set of colored fluids, which made it pos-
sible to visualize the flow of the continuous and disperse
phases from each generator separately. The images indicate
that the neighboring continuous phases are mixed locally as
they flow downstream; the continuous phase shows progres-
sively more uniform color when looking in the downstream
direction. As mixing of co-laminar streams using bubbles
has been demonstrated previously,[46] this observation sug-
gests that the continuous phases of the composite lattices of
emulsions—initially coming from different inlets—are
mixed along the flow and eventually become homogeneous
in the outlet channel.

4. Conclusions

We have demonstrated
that the systems of multiple,
coupled FF devices described
here can generate composite
emulsions containing bubbles
or droplets of distinct sizes,
compositions, and stoichiom-
etry. These emulsions self-as-
semble into highly regular
lattices in the outlet channel.
The structure of the lattices
can be controlled by chang-
ing the external parameters
of flow.

4.1. Generation of Structures

The variety of the struc-
tures of emulsions that we
obtained shows that micro-
fluidic platforms combined
with the FF generators offer
convenient technologies for
the design and generation of
composite emulsions; all the
important characteristics of
the composite emulsions can
be controlled. The system we
used herein allows the design
of emulsions containing
droplets of different chemical
composition and physico-
chemical properties, and
mixes them locally at defined
volume (or number) frac-
tions. The choice of fluids
used in our experiments was
dictated by experimental fea-
sibility. The use of other sets
of fluids should be possible
as long as the right surface
chemistries of the microflui-
dic channels are taken into

account. The flexibility in the type of emulsions that can be
used, in addition to the control over the structures that can
be created, offers new capabilities to arrange the positioning
of multiple components in microfluidic platforms. In this
work we have only studied the formation of quasi 2D
(single layer of bubbles/droplets) lattices. It is possible that
the processes described here could be extended to the for-
mation of 3D heterogeneous and periodic lattices, perhaps
by methods similar to those used in the self-assembly of
monodisperse droplets into regular 3D lattices.[32,47]

Figure 9. Optical micrographs of composite lattices formed in the system of three FF generators. The
fluids used in each generator are colored with different dyes: generator 1 (blue, orange), generator 2
(purple, transparent), and generator 3 (green, yellow), where the colors in parentheses denote the colors
of the continuous and disperse phases, respectively. Note that the colors of the fluids did not appear in
the images as they appeared in the actual solutions that were prepared. a–f) Self-assembled, composite
lattice structures obtained at different sets of flow parameters. The scheme of colors displays the aver-
age colors of each continuous phase and disperse phase, extracted from the original digital images.
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4.2. Stability of the Lattice Structure

To obtain stable lattice structures reproducibly and pre-
dictively, the system needs to meet two criteria: 1) each gen-
erator must form monodisperse bubbles/droplets, and
2) bubbles/droplets must occupy a sufficiently high volume
fraction to pack in the outlet channel.

As regards the monodispersity in the coupled system,
for the formation of gas bubbles, the size of bubbles is
strongly influenced by the state of the other generator and
of the outlet channel (i.e., fluctuation of fluidic resistance).
It is difficult to obtain monodisperse bubbles for an extend-
ed period of time, and consequently it is difficult to obtain
stable lattice structures consisting only of bubbles. We dis-
cussed this strong interaction of the formation of gas bub-
bles in relation to Figure 3. For the formation of liquid
droplets, each FF generator produces monodisperse droplets
for a wide range of flow parameters. The size and the fre-
quency of formation of droplets in each generator are indi-
vidually addressable. The frequency of formation of bub-
bles/droplets can be controlled primarily by the flow rate of
the continuous phase, and we can obtain stoichiometric
ratios of the bubbles and droplets.

In addition to the monodispersity of the bubbles/drop-
lets, a stable periodic pattern of the lattice also requires that
bubbles/droplets “pack” in the outlet channel; the stability
depends critically on the volume fraction of bubbles/drop-
lets in this channel. At high volume fractions the periodic
patterns are stable. At lower volume fractions (below the
minimum threshold for contact between bubbles and drop-
lets) the lattices are not stable—the system often switches
to disordered arrangements of bubbles/droplets. The size of
individual bubbles/droplets can be controlled primarily by
the applied pressure of gas and the rate of flow of the dis-
perse phase.

4.3. Coupling

We observed that placing the FF units in close proximity
results in a coupling of their dynamics. Such coupling is of
fundamental relevance in the problem of parallelization of
the formation of bubbles and droplets on microfluidic chips.
Interactions between the individual units can lead to high-
order dynamic behaviors and to irregular dynamics, and
might preclude formation of monodisperse emulsions. Here
we show that coupling of the dynamics of the individual
units can also be advantageous in stabilizing the modes of
operation of the device, in which bubbles and droplets of a
well-defined dispersity are emitted from each unit alternate-
ly to form composite emulsions and ordered lattices. Al-
though we have not explored the coupling of the formation
of bubbles in adjacent FF generators in detail here, we note
that higher volume fractions of bubbles/droplets seem to in-
crease the strength of interaction between the nozzles. Also,
we observe that a gas–gas system (i.e., a system in which
the disperse phase in both nozzles is a gas) shows more pro-
nounced coupling of the dynamics of the individual orifices
than do liquid–liquid systems. More research is required to

understand how the physical properties of the fluids (e.g.,
interfacial tension, viscosity contrast) influence the strength
of the interaction between neighboring orifices.

The alternating generation of droplets/bubbles by two or
more FF nozzles lies at the core of the formation of periodic
composite lattices. We suspect that this behavior results
from negative feedback between the increased resistance to
flow introduced by a bubble/droplet being generated from
one orifice and the advance of the tip of the fluid in the
neighboring generator. As there is now a growing under-
standing of microfluidic systems in which the dynamics of
flow depend strongly on moving “resistors” (that is, bubbles
or droplets),[5, 46,48–52] it is possible that more complex proto-
cols for the formation of repeating sequences of heterogene-
ous droplets/bubbles can be designed and executed, thus
leading to more complex periodic lattices. Controlled fabri-
cation of ordered, dissipative structure is of great interest in
the study of complexity, and sequences of droplets of differ-
ent compositions may also find applications in advanced
lab-on-a-chip devices.

To the best of our knowledge, there is no existing theory
for coupled FF devices. The operation of single FF devices
is described both quantitatively and qualitatively in a
number of reports.[1–3,5, 8, 10, 26,29,33,34,44,45,53] We can refer to the
work on rate-of-flow-controlled breakup in FF devices—the
speed of breakup of bubbles is proportional to the inflow of
the continuous phase into the orifice.[2, 3] The same principle
still holds, at least qualitatively, in the coupled system, as we
demonstrated control over the stoichiometry of composite
lattice structures.

The interplay between the blockage of one orifice by a
gaseous thread and the rate of breakup in a neighboring ori-
fice was also discussed previously.[43] Qualitatively, the
mechanism behind the interaction between the neighboring
orifices is that “blockage” of one orifice by the immiscible
thread (during the process of formation of a bubble/droplet)
increases the pressure in the continuous phase in both
neighboring orifices. The increase in the pressure acts to
squeeze the thread that is already in one of the orifices, and
also acts to either prevent the entering of the thread into
the second orifice, or—if that orifice is already occupied by
the immiscible thread—speed up the breakup in both orifi-
ces. Both the entrance of the thread into the orifices and
the breakup of the threads that are already in the orifices
affect in turn the rate of formation of the bubbles/droplets;
this effect closes the feedback loop between breakup and
entering of the thread. In our current system, the feedback
between the neighboring orifices results in alternating gen-
erations of bubbles/droplets, and this alternating generation,
in turn, allows bubbles/droplets to self-assemble into stable,
packed structures.

4.4 Dynamic Self-Organization

The microfluidic emulsion generator that we have dem-
onstrated is an experimentally tractable system for the study
of dynamic self-organization of bubbles and droplets into
regular lattices. We can control the structure of these latti-
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ces—their morphology and composition—by changing the
rates of inflow of the fluids into the microfluidic system.
These structures are new and exotic. It would be difficult, or
impossible, to form these heterogeneous structures in an
equilibrium process. Fortunately, even without a complete
understanding of the mechanics of formation of the regular
assemblies, it is possible to engineer complex periodic struc-
tures comprising heterogeneous elements.[54] Where such pe-
riodic arrangements of bubbles or droplets of distinct char-
acteristics (be it size, shape, or chemical composition) will
find a use remains to be seen, but possibilities include mate-
rials science (composite tapes), food and cosmetic formula-
tions, composite mixtures of drugs, reagents in lab-on-a-chip
de ACHTUNGTRENNUNGvices, and others.

5. Experimental Section

Devices: We prepared the microfluidic channels by soft lith-
ography.[39] The height of each device was uniform, and ranged
from 130 to 150 mm depending on the device. The width of the
channel was 500 mm for all devices; the aspect ratio of the
outlet channel was close to 1:4 (height to width). The PDMS
mold was sealed with a glass slide (Corning).[38] To prevent the
wetting of the disperse phase on the inner surface of the device,
the channel was filled with the continuous phase immediately
after sealing the device.

Fluids: The continuous phase was an aqueous solution (Mil-
lipore, deionized) of Tween 20 (Polysorbate 80, 0.1–10% w/w,
Aldrich), or SDS (2–10% w/w, Sigma–Aldrich). For colored con-
tinuous phases, an aqueous solution (Millipore, deionized) of
ink (50% v/v, Montblanc Blue, Montblanc Green, or Waterman
Purple) was prepared and SDS (2% w/w) was added. The dis-
perse phase was nitrogen (ultrapure, Airgas), PFMD (Alfa Aesar),
or hexadecane (Sigma–Aldrich). For colored disperse phases, we
prepared saturated solutions of methyl yellow (Yellow, Sigma) or
CALCO oil orange 7078 (Orange, Cyanamid Co.). The solute
(200 mg) was placed in hexadecane (10 mL) and the undis-
solved solute was isolated by filtration.

Microfluidics: Digitally controlled syringe pumps (Harvard Ap-
paratus, model PhD2000) were used to deliver the liquid phase
to the microfluidic device. A pressure-regulating valve connected
to the gas cylinder controlled the applied pressure of nitrogen
gas to the device. Polyethylene terephthalate (PET) tubing
(Becton, Dickinson and Company) connected the device to the
source of the fluid (both gas and liquid).

Imaging : An upright microscope (Leica DMRX), a still camera
(Nicon Digital Camera DXM 1200), and a fast-video camera
(Phantom V7) were used to visualize and record movies of the
system. Adobe Photoshop C2 and Illustrator C2 were used for
image analysis and preparation of the figures.
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