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We describe the use of two passive components to achieve controllable and alternating droplet

generation in a microfluidic device. The approach overcomes the problems associated with

irregularities in channel dimensions and fluid flow rates, and allows precise pairing of alternating

droplets in a high-throughput manner. We study droplet generation and self-synchronization in

a quantitative fashion by using high-speed image analysis.
Introduction

Recently, droplet-based microfluidics has emerged as a new

platform for high-throughput assays in biology and chemistry

because of its utility in large-scale experimentation.1–6 Impor-

tantly, the use of microfluidic systems to create a segmented flow

provides a robust and direct route to making monodisperse

droplets at kHz frequencies. Each droplet can be thought of as

a ‘‘test tube’’ with a volume ranging from a few femtolitres to

hundreds of nanolitres. Encapsulation of a droplet in an

immiscible carrier fluid provides a way to accurately control

reactions in both time and space and significantly eliminates

cross-contamination between droplets. Droplets can be mani-

pulated using functional components that allow droplet fusion,

splitting, sorting, storage and analysis by high-sensitivity detec-

tion techniques.7–12 Already, droplet-based microfluidic systems

have been applied to a range of chemical and biological problems

including protein–protein interactions,9 cell-based enzymatic

assays,13 2-dimensional separation14 and nanomaterial

synthesis.15–18 Highly reproducible droplets within microfluidic

systems can be prepared using a variety of methods including

geometry-dominated break-up,19,20 cross-flow rupturing through

microchannel arrays,21 capillary instability-mediated drop

formation (in a flow focusing configuration)22 and pressure-drop

induced break-up (at a microfluidic T-shaped junction).23 These

techniques can generate numerous droplets in a serial fashion,

with their generation frequency depending on the input fluid flow

rates, the channel dimensions and the relative viscosity between

the two phases.

When performing chemical and biological reactions in droplet-

based formats, reagents are normally injected together in

a confluent stream just prior to droplet generation with the
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reaction occurring at later times.24 However, if a reaction is very

fast or aggressive, this configuration is unsuitable since the

reaction can occur at the interface of the confluent stream.

Sometimes, it is necessary to keep reagents separate until reac-

tion conditions are ready. Accordingly, it is favourable to initiate

a reaction by merging two (or more) droplets that contain

different reagents (after generation). The main challenge asso-

ciated with this process is the perfect pairing of the droplets over

long-term periods since uncontrolled pairing results in unreliable

droplet fusion. This is hampered by small variations in channel

and tubing dimensions and flow-rate fluctuations. In addition,

the presence of multiple droplets in a microfluidic network

introduces an instability in droplet manipulation due to hydro-

dynamic resistive coupling effects.25–27 To date, alternating

droplet formation has been achieved by active control of droplet

release by electric fields28 and microvalves29 and passive hydro-

dynamic coupling at multiple generators.17,18,30–33 Importantly,

Zheng et al. characterized the formation of alternating droplets

at two opposing T-junctions.30 Control of both the capillary

number and water fraction was important in achieving regularly

alternating droplet formation. Hashimoto et al. also reported the

use of two or four hydrodynamically coupled flow-focusing

generators that shared inlets delivering a continuous phase and

a common outlet channel.31 The fluidic link between the inlets of

the continuous phase provided a means of communication

between neighbouring generators. Importantly, although the

hydrodynamic coupling of bubble formation was valid for a wide

range of pressures, coupling of droplet generation was weak in

the same devices. The authors suggest that this difference stems

from the compressibility of the dispersed fluids (i.e. N2 versus

water). Additionally, Chokkalingam et al. showed self-synchro-

nizing pairwise droplet production based on two step-emulsifi-

cation via a pressure crosstalk of individual production units.32

This step-emulsification was achieved by the destabilization of

a quasi-two-dimensional liquid stream (i.e. the dispersed phase

enters a high aspect ratio channel containing the continuous

phase) at an abrupt change in the aspect ratio of the microfluidic

channel. This minimizes Rayleigh–Plateau instability and thus

provides better monodispersity when compared to both T-junc-

tion and flow-focusing configurations. It should also be noted

that the design parameters of the production units are optimized

for performing stable step-emulsification under a large variety of

operating conditions. More recently, Frenz et al. demonstrated

the self-synchronized production of droplet pairs based on
This journal is ª The Royal Society of Chemistry 2010
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hydrodynamic coupling of two spatially separated nozzles and

performed long-term stability tests by labelling the droplets with

different fluorescent dyes.18 The authors determined a power-law

relationship between droplet production frequencies and volu-

metric flow rates in the droplet pairing regime.33 Nevertheless,

a physical analysis including size distributions, time-difference

distributions, space signatures between droplet pairs and

a detailed pairing mechanism was not investigated in detail.

Moreover an assessment of the perturbation of self-synchroni-

zation in an integrated system containing functional components

has yet to be performed. In the current study, we describe the use

of two passive components to achieve controllable and alter-

nating droplet generation which overcomes the problems asso-

ciated with irregularities in channel dimensions and fluid flow

rates and perturbations due to droplet fusion and hydrodynamic

resistance of multiple droplets. Additionally, we study droplet

generation and self-synchronization in a quantitative fashion

using high-speed image analysis.
Experimental

Fig. 1 shows a schematic diagram of the microfluidic device used

for all experiments. The system consists of a droplet-pair

generator, a simple Y-junction (for droplet fusion) and a winding

channel (for further mixing). The droplet-pair generator has two

spatially separated nozzles sharing a continuous phase. Import-

antly, we introduce two passive components into the droplet-pair

generator: a pressure oscillator (red in Fig. 1) and an oil regulator

(yellow in Fig. 1). The pressure oscillator is implemented to

restore timing between separately generated droplets via a fluidic

link34 and the oil regulator is used to passively control the

pressure difference at the furcate junction. In this study, we use

four combinations of the two passive components to validate

their efficacy on perfect droplet pairing: case I (without both
Fig. 1 Schematic diagrams of droplet-based microfluidic devices that used i

pressure oscillator), case III (with the oil regulator) and case IV (with both pre

regulator is yellow. The device also has functional units for further merging,

This journal is ª The Royal Society of Chemistry 2010
units), case II (with the oscillator), case III (with the regulator)

and case IV (with both units).

Microfluidic devices containing the four combinations were

fabricated in polydimethylsiloxane (PDMS), a transparent elas-

tomer, using soft lithographic techniques.35 PDMS base and

curing agent (Sylgard 184; Dow Corning) were mixed in a ratio

of 10 : 1 w/w, degassed and decanted onto an SU-8 master.

Resulting structures were cured for 2 hours on a hot plate at

65 �C and then peeled off from the master. After punching inlet

and outlet holes through this structured PDMS layer, the layer

was contacted to a partially cured PDMS slab and baked at 65 �C

for 6 hours to form the completed microdevice in an oven. The

fluidic channels have a rectangular cross section of 50 � 50 mm2.

For droplet experiments, a mixture of 3 M fluorinated FC-3283

and 1H,1H,2H,2H-perfluorooctanol (PFO) and a mixture of

water and food dye were used as continuous and dispersed

phases, respectively. Precision syringe pumps (PHD 2000, Har-

vard Apparatus) were used to motivate fluids at a range of

volumetric flow rates. A high speed camera (Phantom�, v649)

was used to record the passage of multiple droplets at 5000

frames per second. An image processing algorithm was devel-

oped in MatLab� (Mathworks, Cambridge, UK) to analyze

recorded images. These algorithms were used to differentiate

between the background and droplet signatures to define droplet

compartmentalization. A threshold was set using a mean integer

between the background and droplet brightness intensities (white

is defined as 0 and black is 255) with the brightness signals then

being converted to a floating number between 0 and 1. The value

0 corresponds to the oil phase and the value 1 corresponds to the

aqueous phase. An example of a brightness scan recorded over

a time period of 200 ms (1000 frames) before and after computer

data processing is shown in Fig. 2. The rectangular-shaped

signals from the two generators were simultaneously analyzed

(for at least ten minutes) to extract droplet generation
n this study: case I (without any passive structure, control), case II (with

ssure oscillator and oil regulator). The pressure oscillator is red and the oil

mixing and reaction.

Lab Chip, 2010, 10, 2702–2709 | 2703
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Fig. 2 An example of a brightness scan over 1000 frames (200 millisec-

onds) obtained from the device possessing two passive structures (case IV):

(a) before and (b) after the computer data processing. Droplet signatures

are obtained from the top generator in Fig. 1 (red) and the bottom

generator in Fig. 1 (blue). Spiked peaks in (a) indicate the interface

between oil and aqueous phases. Importantly, equally spaced signatures

between blue and red correspond to self-synchronized droplet generation.

(c) Three parameters, pulse width (W), time difference between droplets

(T) and mean location of a pulse (M), that used in this study.
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frequencies, size distributions of produced droplets, droplet

synchronization information and space signatures between

droplet pairs (synchronously generated at the two nozzles).

Accordingly, we defined three parameters, the pulse width (W),
2704 | Lab Chip, 2010, 10, 2702–2709
the time difference between droplets generated at each nozzle (T)

and mean location of a pulse (M) (Fig. 2c). The interspacing

between the two droplets in one-to-one pairs (D) is assessed

through the difference between the two rectangular-shaped signals

from the two spatially separated nozzles (i.e. D ¼Mt �Mb).
Results and discussion

Table 1 summarizes droplet generation frequencies from both

top and bottom generators (Fig. 1) as a function of the oil flow

rate. Fig. 3 shows alternating two-droplet generation without

and with the pressure oscillator at different oil flow rates (movies

provided in the ESI†). As the oil flow rate increases, the gener-

ation frequency increases, the size of droplets decreases and the

gap between droplets is wide. It can be seen that, without the

pressure oscillator, two spatially separated nozzles are unable to

generate the same number of droplets in a given time period for

low oil flow rates (<7.5 ml min�1). Our data in the pairing regime

are in good agreement with the model introduced by Frenz et al.

even though the channel height (50 mm) is twice as high and the

geometry of the central oil channel is different.33 Additionally, we

found that droplet generation (in terms of production frequency,

size distribution and time difference) becomes irregular below

a given flow rate of the oil phase (Fig. 4a and S1a†). Notably, the

pressure oscillator allows higher droplet generation frequencies

when compared to configurations without the unit. It also

provides for identical droplet generation frequencies in both

generators even at a low volumetric flow rate. The key concept in

alternating droplet generation at the two spatially separated

nozzles is the competition between the two aqueous phases. For

example, when the water stream of the top nozzle generates

a droplet, it hinders the oil flow and thus the water stream of the

bottom nozzle is driven backwards. Once the droplet is gener-

ated, the oil stream shifts back from the bottom to the top nozzle

and the water stream of the bottom nozzle proceeds to generate

the next droplet. Importantly, this mechanism allows ‘‘one-by-

one’’ droplet pairing (i.e. the coupling of two droplets generated

at different nozzles) when using a high flow rate of the oil pha-

se compared to the aqueous phase (i.e. 10 ml min�1 of oil and

2 ml min�1 of water). A low volumetric flow of oil is insufficient in

suppressing the opposing generation and thus alternating droplet

generation is not achievable. This analysis is supported by studies

reported elsewhere.17,18 Notably, if a droplet is trapped in the

pressure oscillator for a short time (as shown in Fig. 3), a counter

pressure between the droplet and the water nozzle is instantly

generated. This redirects the oil flow and suppresses the

procession of both water streams. The suppression induced by

the trapped droplet is observable in Fig. 3a and b. Subsequently,

when the droplet escapes, the pressure is removed and the

‘‘suppressed’’ nozzle quickly releases the next droplet. This cycle

is repeated and results in strictly alternating droplet production

even when the flow rate of the oil phase is low (i.e. 2.5 ml min�1 of

oil and 2 ml min�1 of water). Qualitatively, the operation of the

pressure oscillator can be described as follows. The pressure

oscillator connects both nozzles and provides an alternate flow

path. Here, when a single droplet is placed at the junction of the

fluidic link after generation, the oil flow pushes it out of both

branches and thus the droplet deforms towards the branches due

to the interfacial tension between the two immiscible phases. In
This journal is ª The Royal Society of Chemistry 2010
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Table 1 Summary of droplet generation frequencies

Oil flow rate/
ml min�1 2.5 5.0 7.5 10 15 5 10 15 20

Case I Top 74.2 Hz 112.6 Hz 154.1 Hz 186.3 Hz 246.4 Hz Case III Top 35.9 Hz 91.3 Hz 139 Hz 159.1 Hz
Bottom 60.8 Hz 108.7 Hz 154.2 Hz 186.3 Hz 246.4 Hz Bottom 63.3 Hz 97.9 Hz 139 Hz 159.1 Hz

Case II Top 73.6 Hz 135.6 Hz 165.8 Hz 200.6 Hz 292.0 Hz Case IV Top 42.9 Hz 77.4 Hz 108.1 Hz 127.9 Hz
Bottom 73.6 Hz 135.6 Hz 165.9 Hz 200.7 Hz 292.0 Hz Bottom 42.9 Hz 77.4 Hz 108.1 Hz 127.9 Hz

Fig. 3 Alternating droplet generation: (a) foil of 2.5 ml min�1 and fwater of 2.0 ml min�1, (b) foil of 5.0 ml min�1 and fwater of 2.0 ml min�1, (c) foil of 7.5 ml min�1

and fwater of 2.0 ml min�1, and (d) foil of 10.0 ml min�1 and fwater of 2.0 ml min�1. All channel widths are 50 mm except nozzle parts of 30 mm. Notably, a single

droplet is trapped in the pressure oscillator in a short time. This results in a counter pressure between the droplet and the water nozzle.
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our design, the hydrodynamic force is not enough to break the

droplet up and thus it is pinned for a short period of time. We

believe that this pinning generates high resistance (Laplace

pressure) to the procession of the continuous phase. In addition,

the segmented flow in a rectangular (or square) channel (typical

of PDMS-based microfluidic systems) behaves like a leaky

piston.35,36 This means that the continuous phase bypasses the

segmented flow through ‘leaky’ corners and, if the plug is

moderately long, the fluid in four corners is much faster than the

dispersed phase. However, if the plug is pinned at the pressure

oscillator, half of the corner flows can be blocked. This causes

another source of hydrodynamic resistance to the oil flow.

Accordingly, we summarize that the counter pressure resulting

from the droplet trapped by the pressure oscillator allows better

alternation of the oil flow and ‘‘one-by-one’’ droplet pairing

when compared to an identical design without this unit.

Fig. 4 show pulse width probability histograms (representing

droplet size) for all cases. Table 2 summarizes average values and

their standard deviation for both the pulse width and inter-

droplet time difference. A high flow rate of the oil phase in all

cases provides for excellent monodispersity in the rectangular

pulse width, which correlates to droplet size (if the average droplet

velocity is constant) or droplet speed (if the droplet size is

constant). For example, in case II (with the pressure oscillator), as

the oil flow rate decreases, the average pulse width of the top

generator becomes smaller than that of the bottom generator.

This indicates that the average velocity of the top channel is higher

than that of the bottom channel, since the droplet size populations

generated from both nozzles are essentially identical (not shown)
This journal is ª The Royal Society of Chemistry 2010
and the droplet generation frequencies in both channels are the

same (Table 1). Interestingly, polydisperse pulse widths occur at

an oil flow rate of 2.5 ml min�1. As the oil flow rate is increased,

highly reproducible pulse widths are achieved but the average

velocities at each nozzle are not matched even at high volumetric

flow rates. A uniform time difference between adjacent droplets is

also clearly important in achieving perfect droplet pairing. The

variation in such time differences follows an opposing trend to

that observed for the pulse width analysis in the case II (Fig. S1 in

the ESI†). This indicates that the flow velocity in the top channel is

higher than that of the bottom channel. The velocity difference

between the two channels may result from small variations in the

channel dimensions from the photolithographic patterning

process and the fluidic interfaces between tubes and syringe

pumps. The polydisperse behaviour at low oil flow rates may be

caused by flow fluctuations in pumps or hydrodynamic resistive

coupling effects with multiple droplets.24–26

In order to control the velocity asymmetry and the irregularity

of segmented flows in both channels, we introduced an additional

passive structure (termed an oil regulator). This unit was also

expected to dampen the perturbation of the droplet fusion at the

Y-junction. In case IV (with both the pressure oscillator and oil

regulator), it can be seen that the average pulse width and time-

difference are almost identical for each channel (Table 2). This

suggests the formation of monodisperse pairs of droplets in

a strictly alternating pattern (Fig. 4d). However, perfect ‘‘one-to-

one pairs’’ were not achieved without the connector unit at the

low oil flow rate (Fig. 4c). The time-difference distributions

are also simultaneously improved by adding the oil regulator
Lab Chip, 2010, 10, 2702–2709 | 2705
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Fig. 4 Histograms of rectangular pulse width (recorded time of droplet passage at a certain point) for various oil flow: (a) case I (control), (b) case

II (with the pressure oscillator), (c) case III (with the oil regulator) and (d) case IV (with the two passive structures). All water flow rates are fixed at

2 ml min�1.

2706 | Lab Chip, 2010, 10, 2702–2709 This journal is ª The Royal Society of Chemistry 2010
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Fig. 5 Histograms of interspacing distance between one-to-one pairs for different oil flow rates: (a) case II (with only pressure oscillator) and (b) case IV

(with both pressure oscillator and oil regulator). The two cases show 100% alternating droplet generation in all fluidic conditions used in this study. The

aqueous flow rate is fixed at 2 ml min�1.
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(Fig. S1d in the ESI†). Importantly, the oil regulator reduces the

irregularity of the oil flow. Qualitatively, the operating mech-

anism of the oil regulator can be described as follows. Bernoulli’s

principle states that an increase in the speed of the segmented

flow (dynamic pressure) will result in a decrease in static pressure

because the inlet total pressure (pump pressure) is constant along

the streamline. Accordingly, if the flow in the top channel is

faster than that in the bottom channel, the static pressure in the
This journal is ª The Royal Society of Chemistry 2010
top channel is smaller than that in the bottom channel. Impor-

tantly, with the oil regulator, the pressure difference can be

passively regulated at the furcate junction. The mass flow rate of

the oil regulator in the side of the top channel is instantly

increased because of the decrease in the static pressure of the top

channel. Subsequently, it partially blocks the flow of the top

channel at the converging junction. The blockage causes a static

pressure increase in the top channel and thus its flow is reduced.
Lab Chip, 2010, 10, 2702–2709 | 2707
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Table 2 Summary of average pulse-width and time-difference and their standard deviation

Oil flow
rate/ml min�1 2.5 5.0 7.5 10 15 5 10 15 20

(a) Pulse-width/ms
Case I Top 9.9 � 2.0 5.0 � 0.3 2.9 � 0.1 2.1 � 0.1 1.3 � 0.1 Case III Top 24.2 � 9.6 7.1 � 0.4 3.9 � 0.2 2.8 � 0.1

Bottom 12.9 � 2.9 5.6 � 0.3 3.3 � 0.1 2.3 � 0.1 1.5 � 0.1 Bottom 12.4 � 2.7 6.2 � 0.5 3.9 � 0.2 2.8 � 0.1
Case II Top 8.9 � 1.5 3.9 � 0.2 2.6 � 0.1 1.9 � 0.1 1.2 � 0.1 Case IV Top 18.0 � 0.2 7.5 � 0.3 4.4 � 0.1 3.3 � 0.1

Bottom 10.7 � 2.0 4.7 � 0.1 3.2 � 0.1 2.2 � 0.1 1.3 � 0.1 Bottom 18.8 � 0.2 7.6 � 0.2 4.6 � 0.1 3.3 � 0.1
(b) Time-difference/ms
Case I Top 6.8 � 3.3 4.1 � 0.3 3.8 � 0.2 3.5 � 0.2 2.9 � 0.4 Case III Top 3.9 � 1.2 4.0 � 0.3 3.5 � 0.4 3.7 � 0.2

Bottom 3.8 � 0.7 3.8 � 0.3 3.3 � 0.2 3.3 � 0.2 2.8 � 0.4 Bottom 3.7 � 0.8 4.2 � 0.2 3.5 � 0.4 3.7 � 0.2
Case II Top 6.0 � 2.5 3.7 � 0.2 3.7 � 0.1 3.2 � 0.2 2.5 � 0.1 Case IV Top 5.5 � 0.1 5.6 � 0.1 5.0 � 0.1 4.7 � 0.1

Bottom 4.5 � 2.5 2.9 � 0.4 3.0 � 0.2 3.0 � 0.2 2.3 � 0.1 Bottom 4.8 � 0.1 5.5 � 0.1 4.9 � 0.1 4.8 � 0.1
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The flow behaviour in the bottom channel mirrors this.

Accordingly, we believe that this engagement minimizes the

irregular oil flow between the two channels and that the oil

regulator acts as a pressure damper against a given perturbation.

It should be noted that the perfect ‘‘one-to-one pairs’’ in our

study represent equally spaced signatures between the two

droplets mediated by the two passive structures (shown in

Fig. 5b). In addition, we suggest that small perturbations

(induced by droplet fusion or droplet-droplet interactions) could

be divided into both branches at the converging junction of the

oil regulator by the superposition method.37 Additionally, the

passive self-synchronization process is so robust that different

flow rates of the two aqueous phases result in identical droplet

generation frequencies and monodisperse droplet production

(Fig. S2 in the ESI†). These data indicate the potential of

modulating stoichiometry in a diversity of synthetic applications.

Fig. 6 shows both droplet fusion at the Y-junction and droplet-

pairing at a Y-junction in the device containing both passive

structures (case IV). We observe that perfect droplet fusion at the

Y-junction occurs below a given flow rate (i.e. when the pulse

width is equal to time difference), whilst perfect droplet-pairing

at the Y-junction is achieved above this flow rate. Importantly,

our two-droplet generation synchronizer can be coupled with
Fig. 6 (a) Droplet fusion (foil of 10.0 ml min�1 and fwater of 2.0 ml min�1)

and (b) droplet pairing (foil of 20.0 ml min�1 and fwater of 2.0 ml min�1) in

the device containing both pressure oscillator and oil regulator units.

2708 | Lab Chip, 2010, 10, 2702–2709
several active and passive techniques to merge droplets in

microfluidic networks.35,38–40

Conclusions

We have demonstrated the use of two passive microfluidic

components to generate perfect ‘‘one-to-one’’ droplet pairs

without the use of external valves or switches and overcome the

problems associated with irregularities in channel dimensions

and variations in fluid flow rates. Moreover, droplet generation

and self-synchronization have been characterized in a quantita-

tive fashion using computer-aided high-speed image analysis.

Importantly, we define three requirements for creating perfect

‘‘one-to-one pairs’’ in droplet-based microfluidics: (a) identical

droplet generation frequencies at each nozzle, (b) monodisperse

distributions of droplet size and droplet separation as a function

of flow rate in both nozzles and (c) a constant time difference

between pre-associated droplets from each nozzle. Currently, we

are performing a parametric study of the effect of the dimensions

of the two passive structures and the interfacial tension between

oil and aqueous phases on droplet generation frequency and the

time delay between droplet pairs. We believe that droplet

synchronization will find application in many areas of chemical

and biological processing including widespread use in multi-

plexed biological assays and nanoparticle/small molecule

synthesis.
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