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We present the use of microfluidic “V-junctions” as a droplet generation strategy that incorporates
enhanced performance characteristics when compared to more traditional “T-junction” formats. This
includes the ability to generate target-sized droplets from the very first one, efficient switching between
multiple input samples, the production of a wide range of droplet sizes (and size gradients) and the facile
generation of droplets with residence time gradients. Additionally, the use of V-junction droplet
generators enables the suspension and subsequent resumption of droplet flows at times defined by the

user. The high degree of operational flexibility allows a wide range of droplet sizes, payloads, spacings
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Accepted 20th October 2014 and generation frequencies to be obtained, which in turn provides for an enhanced design space for
droplet-based experimentation. We show that the V-junction retains the simplicity of operation
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Introduction

Microfluidic technologies have engendered many new and
exciting opportunities within the chemical and biological
sciences. They provide for high analytical efficiency and
throughput, and harness the dependency of fluid-flow on scale
to empower new experimental formats (such as digital PCR and
single cell-based screens).'” This is possible due to reduced
sample and reagent consumption, efficient mass and thermal
transport (due to smaller volumes) and exquisite ability to
integrate a range of functional components.*” In recent years,
droplet-based (or segmented-flow) microfluidic systems have
been used to great effect in performing high-throughput and
high-efficiency chemical and biological assays. Sub-nanoliter
droplets may be generated at high speeds (kHz rates), with their
size and chemical payloads being controlled in a reproducible
manner. Each droplet acts as an individual compartment that
isolates and protects its contents from microchannel surfaces
and cross-contamination between adjacent samples.®® Over a
decade has passed since Thorsen et al.'® and Anna et al.** first
demonstrated highly monodisperse droplet formation using
the T-junction and flow focusing strategies and in that time a
diversity of functional components have been developed to
process such droplet flows. These include elegant tools for
droplet immobilization, mixing, incubation, dosing, merging,
splitting, diluting and sorting."*™" Accordingly, droplet-based
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microfluidic platforms have rapidly been adopted as powerful
research tools in many chemical and biological laboratories. As
such, an increasing number of “non-microfluidic” researchers
are becoming interested in applying these technologies to
address specific chemical or biological problems, but are often
reluctant to fully embrace them due to their complexity and
high instrumental investment thresholds. Therefore, direct
strategies that require simple basic equipment are highly
desirable for performing droplet-based experiments. Indeed, in
an ideal world, an experimental process would be hardcoded
into the microfluidic device through geometric design and
control of the physicochemical properties such as hydrody-
namic resistances, surface properties, diffusion, solubility and
chemical activity of the contained reagents.'®> In such a situ-
ation, the user would simply introduce the desired sample and
the experiment would then “run itself”.

Although numerous functions and droplet manipulations
have been achieved through the use of passive microfluidic
systems, there remain some key challenges that must be
addressed prior to the realization of autonomous operation. Of
special relevance is adoption of a droplet generation strategy
that guarantees stable production of droplets with the desired
size, frequency and spacing. Although formats for droplet
generation are well-known, formation of bubbles at the begin-
ning of an experiment or droplet generation at the wrong time
(such as during initial unsteady transitory phases' or when
asynchronous trains of droplets are produced)* are often
terminal for experiment progress. Currently, there is no strategy
that allows passive droplet generation whilst eliminating or
preventing the formation of rogue droplets or bubbles.
Conventional droplet generators, based on the T-junction and

This journal is © The Royal Society of Chemistry 2015
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flow focusing formats, benefit from operational simplicity but
suffer from the above problems, thus impacting experimental
reproducibility.**** To date, these issues have been resolved
by adopting droplet-on-demand technologies,”*** which
commonly involve the use of elaborate microvalves within
channel gates or mechanical actuators to allow control of the
droplet generation process. These methods typically require
complex fabrication procedures and necessitate development of
custom actuation and control algorithms. It should also be
noted that droplet-on-demand operation has been realized
through the adoption of complex, off-chip robotic solutions.*
Herein, we present a modification of the traditional T-junction
design, which we termed as the V-junction (Fig. 1a). The
V-junction allows the generation of controllable droplet streams
(from the first to the last) and requires only basic fabrication
and manipulation techniques. By simply incorporating an
additional side (or control) channel (Fig. 1a-3) at the junction,
the generation of droplets is easily achieved and is additionally
accompanied by several attractive features. These include the
prevention of unwanted droplet generation, clean switching
between multiple input samples, production of a large range of
droplet sizes (and size gradients) and generation of droplet
streams with residence time gradients. It is important to note
that a structurally similar design (termed as K-junction) was
introduced by Lin and co-workers.* This was used for the on-
demand generation of cell encapsulating droplets using the
assistance of an integrated pneumatic micropump. In
comparison, we report for the first time a passive droplet
generation system that fills in the gap between high-end (but
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complex) droplet-on-demand systems and simple/passive (but
utility-limited) droplet generation methods.

Methods

Polydimethylsiloxane (PDMS) devices were fabricated using
SU-8 master moulds and standard soft-lithographic methods.**
After degassing and casting over an SU-8 master, PDMS (Sylgard
184, Dow Corning, USA) was oven-cured at 70 °C for 2 hours.
The structured PDMS layer was then peeled off the master and
sealed onto a flat (unstructured) PDMS layer by plasma
bonding. Subsequently, the chip was kept overnight at 70 °C to
firm the bond and to allow channel walls to recover their
inherent hydrophobic surface properties.*> During droplet-
generation experiments, the entire microfluidic device was held
on a glass slide (Thermo Scientific, Germany) and imaged under
a microscope (Eclipse Ti-E, Nikon, Japan) using a high-speed
camera (MotionPro Y5, IDT, UK). Fig. 1a illustrates the basic
microfluidic structure, with all channels being 50 pm high. The
main channel used to infuse the carrier phase (typically oil) and
generate the segmented flow has a width of 100 um. Side
channels for discrete phase (typically water) infusion and
droplet control (labelled 2 and 3, respectively) are divided in two
segments: the top section being 100 um wide and the lower
section being 50 pm wide. The angle between the side channels
is 60°, with the bisector perpendicular to the main channel. It
should be noted that three sets of devices, with 30, 60° and 90°
angles, were designed and tested (Fig. S17). It was observed that
a 60° angle provided for the best control capability.

\
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Fig.1 (a) Schematic of the V-junction structure containing an oil inlet (1), a side channel (2) for water introduction, a side channel (3) for control,
and a main channel and an observation zone (4). In the current design all channels are 50 um in height. The angle between the two side channels
is 60°. (b—d) Schematic illustration of chip operation. (b) A 30 cm long control-tubing is connected at the end of channel 3, all the systems are
filled with oil. (c) Open-mode: with oil continuously being infused, the water phase begins to enter channel 2. Air bubbles, transitional emulsions
and water are drained through channel 3. (d) Closed-mode: once impurities have been completely removed, the control-tubing is blocked and

water enters the main channel forming stable droplets.

This journal is © The Royal Society of Chemistry 2015
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Mineral oil (Sigma-Aldrich, light oil form, 0.84 g ml~*, UK)
and deionized water (containing blue ink in some experiments)
were used to create droplet streams. 5 wt% Span 80 (Sigma-
Aldrich, UK) was added as a surfactant into mineral oil to
stabilize droplets after formation. The oil-surfactant mixture
was vortexed and degassed before use and syringe pumps
(neMESYS Low Pressure Dosing Module, Cetoni, Germany) used
to inject oil and water phases into the microchannels.

Unless otherwise indicated, droplet analysis was accom-
plished using Image] (v1.47, NIH, Bethesda, Maryland, USA)
and Droplet Morphometry and Velocimetry software (DMV).*?

Results and discussion

Binary mode: a world-to-chip interface that prevents
unsolicited droplet introduction

The initial capabilities of the V-junction are first presented by
applying two operational modes on the control channel: ‘open’
or ‘closed’. These modes allow the dispersed phase (water in the
current experiments) to either enter the main channel (closed-
mode) or the control channel (open-mode). Fig. 1 illustrates a
schematic of the set up for each mode of operation. It is noted
that a length (30 cm) of soft tubing (TYGON ND 100-80 Tubing,
ID 0.020 inches, OD 0.040 inches, USA) is connected to the exit
of the control channel. Before starting an experiment (Fig. 1b),
only the oil inlet (1) and control channel (3) are connected to the
tubing. The device is first primed by pumping oil throughout
the whole system, including the control-tubing. This step
ensures that residual air (which is compressible) in the control-
tubing is removed, and also aids in building a pressure balance
during the initial state. While oil is continuously pumped at the
desired flow-rate, the water inlet is then connected to the tubing
to allow infusion of water into the system. During open-mode
operation, all the fluids from the water inlet are directly elimi-
nated through the control channel, including transitional air
bubbles, oil, water and transient droplets. For the current device
and an oil influx of 2 pul min %, the volumetric flow rate of water
is maintained below 6 pl min~" (although this still works for
flow rates as high as 11 ul min™", Fig. $31). Switching to closed-
mode is simply achieved by closing the tubing of the control
channel. As soon as the flow in the control channel stops, water
enters the main channel and droplets are generated. There-
upon, the system functions as a T-junction (with improvements
that will be discussed in the next section).

To better understand the transition between the open and
closed modes, profiles of the oil flow for both modes of opera-
tion were visualized using Particle Image Velocimetry (PIV),** by
seeding a small number (0.1 wt%) of polystyrene microspheres
(5 um diameter in aqueous suspensions, Sigma-Aldrich, Swit-
zerland) into the oil phase. The results of the PIV analysis are
shown in Fig. 2 and Video S2.f In open-mode (Fig. 2a), the
hydraulic resistances at the main channel side and at the
control channel side are comparable. Accordingly, the contin-
uous oil phase will flow into both channels. Under these
conditions, the discrete water phase requires additional kinetic
energy to break the oil ‘barrier’ (marked with a hollow pink
arrow) and penetrate the main channel. Therefore, the water

416 | Analyst, 2015, 140, 414-421
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Fig. 2 PIV analysis of the two basic operation modes. The speed and
direction of oil flow are indicated with arrows. (a) In open-mode, the
oil flow goes into both the main channel and the side channel. A barrier
flow by oil (marked with a hollow pink arrow) prevents the water phase
from entering the main channel. (b) In closed-mode, no net flow
occurs in the control channel. The oil phase creates droplets at the
main channel by shearing in the water phase. Video for both cases is
provided in the ESI, Video S2.1 The scale bar is 50 pm.

flows into the control channel and is carried away by the
continuous oil phase. In closed-mode operation (Fig. 2b), the
resistance of the control channel suddenly becomes infinitely
higher than the main channel. Hence, there is no net flow
through the control channel and the incoming water and oil
phases are forced to enter the main channel. A more detailed
analysis of the force balances at the interface is provided
elsewhere.*®

By utilizing this simple control mechanism only stable
droplets of the desired size (from the very first one) can be
allowed into the main channel of the chip (where the experi-
ment of interest has been previously hardcoded). The opera-
tional method is outlined in Fig. 3 (and Video S3%). In open-
mode, initial impurities (most normally a chaotic mixture of
different phases) can be fully eliminated through the control
channel (Fig. 3a(ii) and (iii)). When the stable water stream is
introduced, it is sheared by the oil flux at the junction and
forms a regular droplet stream that is expelled through the
control channel. The desired size of “future” droplets can then
be set by simply adjusting the water flow rate without inducing
contamination (Fig. 3a(ii) to a(v)). Triggering closed-mode
results in the water stream receding into the inlet channel and
the termination of droplet production (Fig. 3a(v) and a(vi)).
The water steam moves forward again and is sheared by the oil
in the main channel creating stable droplets of the desired
size. Fig. 3b illustrates the high level of monodispersity of the
droplets generated by this method (with an area standard
deviation of 1.8%). Water stream recession into the water inlet
is caused by a certain degree of elasticity inherent to the
microfluidic system (due to the use of an elastomeric chip and
flexible tubing), which in turn causes a temporal pressure
fluctuation. However, as evidenced by the high degree of
monodispersity of the formed droplets, this transient insta-
bility does not affect droplet production. Pressure-based
instabilities can be conveniently analysed and harnessed by
equivalent electrical circuit theory.** Two analogous electronic
circuits corresponding to the microfluidic networks in the two
operational modes are presented in Fig. 3c. In analogy to
Ohm's law for electrical circuits, the Hagen-Poiseuille law
describes the pressure drop in pressure-driven fluid channels
at steady state, and can be simplified as,

This journal is © The Royal Society of Chemistry 2015
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Fig. 3 (a) Sequence of steps used to create stable water droplets from

the first one. (i—iii) Open-mode. (i) The initial chaotic mixture of phases
is eliminated. (ii) Adjusting the water flow rate leads to the desired
droplet size at (viii). (i) When the system has stabilized abandoned

droplets are generated in the control channel. (iv—-viii) Switch to
closed-mode. (iv—vii) The water phase stops, recedes and moves
forward. (viii) The first targeted droplet in the main channel is gener-
ated. Subsequent droplets can be seen in Video S3.1 The scale bar is
200 um. (b) Measurement of droplet areas for the first 25 droplets (area
standard deviation = 1.8%). (c) Electrical equivalent circuit models for
the two modes. (i) Open-mode. (i) Closed-mode.

AP = QR (1)

here P is the pressure, Q is the volumetric flow-rate and R is the
hydraulic resistance. Assuming that oil and water are both
incompressible fluids, pressure fluctuations can trigger
temporal changes in the channel (and tubing) volumes due to
their elasticity. This short-lived transitional behaviour can be
treated as an equivalent electric capacitance, i.e.

dAP
Qt = CW (2)

This journal is © The Royal Society of Chemistry 2015
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where C is the hydrodynamic capacitance and Q; is the transi-
tional flow-rate. The formal positive directions of Q are marked
with arrows in Fig. 3c(i), where a positive value of Q means that
flow follows the arrow. In open-mode (Fig. 3¢c(i)), after the system
has reached equilibrium, the pressure at the junction, P, is
equal to Py, ie.

P,=P, ®)
Py=P,+ Q4Ry (4)

where P, is the pressure at the outlet of the main channel (i.e.
atmospheric pressure). Furthermore

O1+0,=03+%04 (6)

and using the observation that all the water flow (plus some oil)
is taken into the control channel.

0,<0; (7)

Shortly after closing the control channel (closed-mode,
Fig. 2c(ii)), all the oil immediately flows through the main
channel. Along the main channel (from the oil inlet to the
outlet) and for the different channels close to the junction a
transient steady state is reached, and it can be assumed that the
pressure is constant. Accordingly,

P; = P, (8)
Py= P, + QuRy )
0s=0 (10)
Py =P, (11)

Combination of eqn (3)-(11), leads to
P — Py =(05— Q)R> 0 (12)

which indicates that an increase in pressure at the junction due
to control channel closure upsets the local pressure balance,
and leads to a temporary recessive flow into the water channel
(coupled with a channel/tubing expansion).

By switching between these two modes the device can ach-
ieve a ‘droplet-on-demand’-like operation (although the exact
number of droplets produced is not selected). This function can
be extended further to enable clean switching of multiple
samples (Fig. 4). To begin with, and by using the protocol dis-
cussed above, droplets containing the first aqueous sample are
precisely and neatly delivered into the main channel (Fig. 4a-d).
To form droplets containing the second sample, the system is
reset to open-mode (by removing the clip from the tubing).
Droplets of the first sample are then eliminated through the
control channel (not shown). Subsequently, the world-to-chip
interface for the first sample can be disconnected while

Analyst, 2015, 140, 414-421 | 417
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Fig. 4 Images showing clean sample switching. (a—d) Water droplets are generated by the method illustrated in Fig. 3a. (e) By opening the
control-tubing and removing the water input tubing, oil refills the entire chip. (f) Connection of the ink input tubing. Initial unwanted impurities
are removed until ink droplets are generated in the control channel (g). (h) Closure of the control tubing causes stable ink droplet generation in
the main channel. The scale bar is 200 pm.

maintaining the flow of oil that keeps the main channel isolated control channel (Fig. 4g). At this point, the system can be
(Fig. 4e). Next, the world-to-chip interface of the second sample switched to closed-mode and stable droplets of the second
can be connected. Infusion of the second sample is then initi- sample of the desired volume are delivered into the main
ated until, after impurities from the previous sample have been channel (Fig. 4h). A key feature of this simple strategy is that
eliminated (Fig. 4f), stable droplets are produced again in the during the whole process not a single unsolicited droplet or
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Fig. 5 (a) A droplet size gradient generated by linearly increasing suction at the control channel. Images (ai) to (aiii) display the full sequence of
droplet formation (consisting of 72 droplets). Numbers on droplets indicate droplet ID. The scale bar is 200 um. Small ‘satellite’ droplets in the
pictures originate from oil impurities (see Video S4+). (b) The area of the droplets for (a) is plotted, with the largest 15 910 pm? (=900 plin volume)
and the smallest 416 pm? (=8 plin volume). (c) Plot for the relationship between droplet generation frequency and size for V and T when oil flow-
rates both are 2 pl min~!. The detailed measurement is available in the ESI.¥
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contaminant pollutes the main channel. Furthermore, the
procedure does not require any special skills or equipment to
function.

A universal droplet generator with a magic knife

The ability to precisely control the size of the droplets is a key
feature of microfluidic emulsion generation. Certain droplet
operations are only possible for a limited range of droplet sizes,
spacings and frequencies, and especially important for passive
droplet manipulations such as fusion'**® dilution,'®*” synchro-
nization,*® and trapping.'>*>** Furthermore, the droplet size is
an essential parameter in applications such as bubble logic,***°
microgel particle synthesis,"”** and studies at the single mole-
cule level (where femtoliter or sub-femtoliter droplets are
attractive assaying platforms).*>*

With the addition of simple control strategies (such as con-
necting the control channel to another pump in “withdraw”
mode) highly tuneable and precise droplet volumes can be
obtained. In the current system, the sharp corner between the
control and main channels provides a “knife-like” structure that
“cuts” forming droplets and splits them between the two
channels. Such a splitting process can be regulated by adjust-
ment of the pressure in the control channel. In essence, the
system can behave as an asymmetric, tuneable droplet splitter.**
To demonstrate the additional functionalities of this system, a
sequence of droplets with a size gradient was created (Fig. 5a
and b) by linearly increasing suction on the control channel
while keeping the flow rates of oil and water constant (at 2 pl
min~" and 1 pl min~", respectively). Although it is possible to
produce droplets with size gradients at a conventional T-junc-
tion by varying the flow of the discrete phase (Fig. S61), a much
larger range of size gradients is attainable using the V-junction.
Specifically, in the current system, the maximum/minimum
volume ratio using the V-junction is above 100 while in the
T-junction experiment this ratio is less than 2.

Another key attribute of our system is its operational flexi-
bility. When producing droplets using T-junction geometries, the
parameters that define the droplet generation process (size,
spacing and frequency) are intimately related, ie. it is not
possible to modify one without altering another in some way. For
example, to produce the smallest possible droplets (65 wm
diameter) in a Tunction of comparable dimensions to the
current V-junction, the water flow-rate (with an oil flow rate of 2 ul
min~ ") is decreased to 0.05 pl min~'. Under these conditions,
lower frequencies and larger spacings result, which is not the
case when using the V-junction (see Fig. S71). This is primarily
due to the different droplet formation mechanisms that apply to
each system. Besides the capillary number (which determines the
droplet size for the T-junction),* the size of droplets at the
V-junction is dominated by the splitting effect. A comparison of
the relationship between droplet size and generation frequency
for an oil flow-rate of 2 ul min~" is provided in Fig. 5c (and Table
S371). Besides the evident capacity of the V-junction to generate
smaller droplets, the generation frequency is also independent of
the droplet size. Detailed measurements and a discussion of the
relationship between spacing and size are provided in the ESL.}

This journal is © The Royal Society of Chemistry 2015
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It is also interesting to note that the current design allows
the generation of femtoliter-volume droplets. Using the same
V-junction (50 pm cross-section), droplet diameters as small as
4.0 £ 0.6 pm (33.5 fl in volume) can be generated along the
control channel (which now would act as the “main” channel) in
a controllable manner (Fig. 6 and Video S51). Further geometric
optimization and adjustments in the surfactant concentration
(such as performed by Yang and co-workers)*® should permit
the direct formation of sub-femtoliter droplets. The V-junction
can, therefore, access a larger experimental space for any given
droplet-based assay than the traditional T-junction, which
suggests its potential as a truly universal droplet generator.
Furthermore, its adoption simplifies design factors by elimi-
nating the need to consider the size of the droplet generator,
allowing researchers to focus only on the ‘downstream’
functions.

The return of the droplet: temporal gradient formation

Reagent incubation and temporal control of a given assay are
essential steps in most chemical and biological experiments,*>*”
and cell-based screens.”® Common incubating strategies
implemented in microdroplet platforms have traditionally used
long winding channels,* large open reservoirs,'” droplet-trap-
ping arrays for on-chip incubation*® or off-chip storage (e.g. in
Eppendorf tubes).***® The temporal control of droplets (i.e.
residence times) is traditionally achieved by simply assaying the
droplets at different positions along the channel length in the
direction of flow. This is advantageous if a large number of
droplets are available (meaning that many can be overlooked
while the system is moved to a new measurement position).
However, for small numbers of droplets (such as those obtained
from a very small sample volume), it is beneficial to assay all
available droplets, which requires that each unit is associated
with a specific residence time. In this context, the V-junction

Fig. 6 Image showing the formation of small droplets by application
of a slight negative pressure at the control channel. Such droplets are
obtained by splitting the forming droplet into two unequal daughter
droplets. Smaller droplets, with a size of 4.0 + 0.6 um in diameter, are
conveyed along the control channel. The area marked with a purple
dashed box is magnified to highlight these small droplets. The scale bar
is 50 um. The corresponding video is shown in Video S5.1

Analyst, 2015, 140, 414-421 | 419
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Fig. 7 (a) Generation of residence time gradients. (i) Droplets are
generated in the control channel under negative pressure. (i) Water
infusion is stopped. (iii) Subsequently, a positive pressure is applied on
the control channel: droplets come back and enter the main channel
in a reversed sequence (iv). (b) The residence time for droplets in the
sequence (i.e. temporal gradient) is obtained at the area marked with
the dashed box in the image (aliv)). The scale bar is 200 um. The
associated Video S6+ is available.

can conveniently perform these tasks without the need for any
additional steps or control architectures, as illustrated in Fig. 7
and Video S6.7 First, droplets are generated in the control
channel obtaining a droplet sequence (Fig. 7a(i)). The flow of
the discrete phase is then stopped (Fig. 7a(ii)) and the droplets
in the control channel are pushed back into the main channel
(Fig. 7a(iv)), effectively reversing the droplet sequence. If a fixed
detection window is set up in the main channel (marked by a
purple dashed box in Fig. 7a(iv)), droplets crossing this section
display a gradient of increasing incubation or residence time
(Fig. 7b). This simple method allows performance of experi-
ments where incubation or temporal gradients of the droplet-
processed sample (which are much more complex to achieve)
constitute analytical dimensions of interest.

Conclusions

We have presented a novel component for microdroplet
generation, which we termed as the V-junction. The V-junction

420 | Analyst, 2015, 140, 414-421
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matches the simplicity of operation of regular T-junction
formats whilst enabling a wider range of functionalities that are
normally only attainable when using robotic, droplet-on-
demand systems. Manufacturing of the V-junction does not add
extra complexity to the fabrication process and only requires the
use of an additional pumping source. The V-junction can
complete additional tasks such as the formation of mono-
disperse droplets of desired size from the very first one, clean
switching of samples and the production of a large range of
droplet sizes. It is capable of creating a stable droplet sequence
with a wide combination of sizes, spacings and frequencies,
providing a more universal generation method that can
accommodate a broader range of downstream experiments.
Furthermore, the system allows the creation of femtoliter-
volume droplets and the performance of complex tasks such as
on-chip incubation and the formation of droplets with temporal
gradients. We hope that the component will be readily trans-
ferrable to any biology and chemistry laboratory willing to
implement droplet-based experimentation.
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