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ABSTRACT

It has been well established that droplet based
microfluidic systems serve as robust and highly controllable
platforms for applications such as micro reactors, chemical
and biological assays, drug delivery systems and single cell
studies. This paper focuses on the effects of surfactants as a
means to control droplet size and generation rate. The
frequency of droplet formation at multiple combinations of
flow rates of the continuous and dispersed phase is studied
as a function of varying surfactant concentrations using a
flow focusing and 45° Y junction configurations in
microchannels. The microchannels have been fabricated
using conventional photolithography and microfabrication
techniques. Channels width and depth are 100 micrometers
with minimum features size of 25um at the flow focusing
section and the junctions. The results show two distinct
regimes of droplet formation for both flow configurations.
Increasing surfactant concentration from 0% (pure water)
to a critical concentration reduces the generation rate
(increased droplet volume); a trend of increasing droplet
formation frequency (decreasing droplet size) in both
channel systems is observed as surfactant concentration is
increased passed the critical value ( 0.01% and 0.05% for Y
junction and flow focusing features respectively). Once
equilibrium is reached, the droplet formation follows a
stable and continuous behavior with variations limited
below 10% in rate of generation.

INTRODUCTION

Microfluidic droplet generators are valuable tools used
in a wide range of applications. Microfluidic droplets
have been proposed for use as small-scale chemical
reactors [1, 2], where extremely tiny volumes of
expensive chemicals must be processed rapidly and
efficiently. Microfluidics generated droplets have also
been utilized for isolating single living cells for study
without killing them [3]. Microfluidic droplets have
also been proposed for use as drug delivery systems
[4]. Droplets generated with stable frequency and size
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have been used both, as substance as well as information
carriers, on microfluidic chips containing digital logic
gates [5]. An important aspect of studying microfluidic
droplet generators is the means of controlling the process
of droplet production with high repeatability and stability
in terms of size, shape and rate of production. Size, shape,
and frequency of droplets are the factors that must be
controlled in order to realize any of these applications.
Surface tension causes a droplet to hold its shape. At the
boundary between two immiscible liquids, interfacial
tension is observed that causes break up of one fluid into
the other phase which is known as the carrier or
continuous phase. Interfacial tension, shear stress and
pressure which result from the flow, geometrical
configuration and the physical properties of the fluid and
their interplay are known to affect droplet generation.
Various theories have been proposed that explain the
dynamic interplay between these factors in different flow
regimes [6-8]. Flow regimes in binary immiscible phases
are categorized using non dimensional numbers as the
Reynolds (Re=pUDy/p) and Capillary (Ca=pU/y)
numbers. (p, U, Dy and p are fluid density, average flow
velocity, critical length scale and fluid viscosity
respectively; v is the interfacial surface tension between
working fluids).

There are a variety of methods proposed by various
research groups for creating droplets in microchannels.
Electrical currents have been used to create microfluidic
droplets [9, 10]. Focused acoustic beams have also been
applied to fluids to promote droplet formation [11].
However, the most common technique used to form
droplets involves junctions and flow focusing features in
microchannel using a binary system of water-in-oil or oil-
in-water droplets [12]. In a microchannel system, a
continuous phase (usually the organic phase) is pumped
through a hydrophobic microchannel [13]. The dispersed



phase (aqueous) is pumped through a secondary
channel that eventually breaks up into streams of
monodispersed droplets. The flow focusing and
junction architectures have been used in this
experiment as well. The flow focusing device [14]
focuses two streams of oil at the secondary channel
where the aqueous phase emerges. The two continuous
streams, pinch off droplets of water as they flow
downstream of the crossflow region. The other
channel design is the 45°Y junction. The Y junction
consists of a large channel which carries the
continuous phase, with a smaller channel directing the
dispersed phase at a 90° (or in this case 45°) angle to
the main channel. In this study, addition of surfactant
that typically reduces surface and interfacial tension, is
taken as the independent variable at given flow
combinations of the continuous and dispersed phases
and droplet size and rate of production are evaluated as
the dependent variables.

DEVICE FABRICATION AND EXPERIMENTAL
SETUP

Conventional photolithography was used to create the
fluidic devices. SU8 (negative photo resist) was spin-coated
on a silicon wafer. The device pattern was transferred from
a mask on to the photoresist by UV light exposure. After
developing of the photoresist, PDMS and curing agent were
poured on top of the features and allowed to cure. The
PDMS layer with transferred patterns was bonded to
another layer of blank PDMS which closed the channels.
Bonding was achieved by plasma treatment of the PDMS
surfaces. The hydrophobic PDMS channels [13] used in this
experiment are 100 um wide for the main channel and 25
pum wide for the secondary, dispersed phase channel. All
trials used the same flow focusing and Y junction channels.

Flow is generated by a syringe pump that allows
desired flowrates into the microdevice. The flowrates of the
continuous and dispersed phases were varied in the range of
30-150 pL/hr which corresponds to Re=0.1 — 0.5 implying a
highly laminar flow regime. Oleic acid (oil) is used as the
continuous (carrier) phase and deionized water as the
aqueous dispersed phase. Based on the physical properties
of oil [15] the Capillary number would be in the range of
Ca=0.002 - 0.003.

It has already been established that variation of flow
rate combination of the dispersed and continuous phases
can be used to directly control droplet size and generation
rate [16]. Higher flow rates of the oil phase equate to higher
droplet frequency and as such, smaller droplet volumes for
a given flow rate of the dispersed phase. This experiment
looks to utilize surfactants as a means to adjust these factors
within a given flow rate.
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Surfactants, or surface acting agents, are molecules that are
composed of a polar head and a nonpolar tail. Since like
compounds mix with like solvents, the polar head can interact
with the polar water (dispersed phase) while the nonpolar tail
can interact with the nonpolar oil (continuous phase.)
Surfactants act at the interface of immiscible fluids and change
the interfacial tension between the two. Sodium dodecyl sulfate
(SDS) is used as surfactant which falls in the anionic surfactant
category; anionic surfactants (usually sulfate based) have a
negatively charged polar head. Concentration of surfactant
(based on weight percentage) was varied from no surfactant
(0%) to 0.1% in the aqueous phase.

Droplet formation was monitored using an inverted
microscope with a CCD recording camera. The low frame rate
of the camera (30 frames per second) is a limiting factor in this
study because generation rates can easily exceed several
hundreds of droplets per second if flow rates are increased.
Droplet generation frequency was obtained with image analysis
and counting of the number of droplets passing a set boundary
in a given amount of time. Also, given the fact that flow rates
within each trial are constant, droplet volume can be accurately
calculated as well. Figure 1 shows the flow focusing and Y
junction microchannels. In the flow focusing configuration,
streams of oil enter from the sides and the aqueous phase is
introduced from the middle channel. In the Y junction, the
carrier fluid flows in the main channel and the aqueous phase
enters from the 45° branch. It was observed that T junction
features (90° branch) were not as good as the Y branches in
terms of stable droplet formation. The channels were flushed
with methanol, followed by DI water between each change in
surfactant concentration.
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Figure 1. Flow focusing (a) and 45° Y junction (b) droplet
generation features in microchannels

For each case of flow rate combination of the continuous
and dispersed phase, the system was given a minimum of
twenty minutes to stabilize before any images were
recorded. Tests were performed using four surfactant
concentrations: 0% (pure water), 0.01% SDS, 0.05%
SDS, and 0.1% SDS. Two higher concentrations were
planned (0.5% and 1.0%) but droplet formation was
found to become very erratic at concentrations above



0.1% (figure 2). All concentrations listed and used in
graphs in this paper are percentages by weight. In
molar concentrations, the used values equate to 0.35,
1.75, and 3.50 millimolar solutions.
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Figure 2. Using concentrations above 0.1% produced results
such as these. Image (a) shows sporadic, tiny droplets, while
image (b) shows no droplet formation, with the two phases
moving as side-by-side streams that eventually break up into
droplets. The system’s behavior shifted between results such
as these over 3-5 minute intervals, with no external changes
made to the system

128 frames were recorded for each test case, with the first,
last, and middle 64 frames having been analyzed and the
results averaged. The variation of droplet generation
frequency at given flow cases was seen to be very limited;
however there were test cases that the variation reached
values up to 10% fluctuation in generation frequency.
Droplets were counted as the last visible part in the image
disappeared off the edge of the frame.

RESULTS AND DISCUSSION

Frequency of droplet generation is plotted as a function of
surfactant concentration for the Y junction flow
configuration in figure 3. All flow configuration show a
similar behavior as the surfactant concentration
changes. A general trend of increased droplet
frequency can be observed as the surfactant
concentration increases passing a critical concentration
value; below this value droplet rate decreases with
addition of surfactant. A similar graph is plotted for the
flow focusing device in figure 4. Regarding the fact
that the flow rates are kept constant, droplet volume
can be calculated by having the rate of droplet
generation (number of drops per unit time) the volume
of each droplet can be calculated. Typical droplet sizes
in this experiment were in the range of 1 — 2
nanoliters.
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Figure 3. Droplet generation rate as a function of surfactant
concentration in the aqueous phase for given flow combinations at
the Y junction feature
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Figure 4. Droplet generation rate as a function of surfactant
concentration in the aqueous phase for given flow combinations of
oil and water at the flow focusing feature

It is that with increased surfactant

concentrations, the interfacial tension would reduce

expected

resulting in easier break up of droplets and eventually
higher both
configurations, this general trend is observed only after

droplet frequencies. However, in
passing a critical surfactant concentration (0.01% and
0.05% for Y junction and flow focusing configuration
respectively). This finding can be explained as follows.
The simplest model for droplet formation is based on the
effect of shear forces at the crossflow junction. In this

model, the predicted size for a droplet is found by



equating the Laplace pressure with the shear force [17]
which gives the spherical droplet size as follows.
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r is the droplet radius, vy is the interfacial tension, L is

(M

carrier fluid viscosity and € is the shear rate.
According to this theory, it can be said that by
increasing the concentration of surfactant, hence
reduction of surface tension, r should steadily decrease
if all other parameters stay constant. The graph shows
this behavior fairly good for concentration above the
value corresponding to the dip in the curves. Another
model by Garstecki [18] suggests that at low capillary
numbers (Ca=uU/y), shear forces are not responsible
for droplet formation at the junction and the key player
is the pressure drop caused by the blockage of the
mainstream flow at the junction. According to this
theory it can said that by introducing surfactants, the
interfaces of the dispersed phase loosen up, allowing
fluid from the side branch to enter the junction and
block the mainflow more easily and cause a pressure
drop region. Due to the creation of a low pressure
region, even more fluid is drawn in from the dispersed
phase channel leading to bigger droplets (lower
generation frequency). By increasing the percentage of
surfactant and further increase in Ca number
(interfacial tension is in the denominator and reduces
as concentration of surfactant increases), the process
enters a shear regulated regime as mentioned above
and viscous (shearing) effects dominate the process
and the expected behavior is observed (smaller drops
with higher frequency). In summary, two distinct
regimes are observed; below the critical concentration,
the droplet generation is regulated by pressure forces
competing with surface tension and the above the
critical value where shear forces and surface effects

dominate the process.

It was also observed that for surfactant concentration
above 0.1, stable droplets did not form for the higher
end of flow rates (Oil 100uL/hr — Water 50uL/hr).
Instead the two phases moved side by side as
continuous streams, similar to the results found from
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using higher concentrations of surfactant. Strangely,
when flow rates were lowered, droplets began to form
again.

Four data points per graph is a limiting factor in drawing
any definitive conclusions from the graphs. Two higher
surfactant concentrations were planned to be used; but
extreme instability with these concentrations prohibited
their use in full testing of such low flow rates. This study
was conducted at typically low flow rates due to camera
speed limitations. After it was determined that higher
be used,

intermediate concentrations were tried in order to produce

concentrations could not several lower
a more well-defined result curve. However, problems
began arising with the channels at this point. Flow rates
were given up to two hours to stabilize but no stable
droplet formation would occur. This means that channel
walls had been contaminated permanently once solutions
with higher surfactant content were introduced. Although
the channels were washed and flushed thoroughly with
methanol and DI water prior to testing with the lower
surfactant concentration solutions, no stable behavior as
previously observed was identifiable. In general, for
stable droplet generation, affinity between the continuous
phase and the channel wall and the reverse between the
dispersed phase and the channel walls are required. In this
case oil is the carrier fluid which wets hydrophobic
PDMS channel walls unlike the dispersed water phase. It
has been shown that the hydrophobicity of PDMS can
change over time due to a variety of factors [19]. It is
suspected that this change of surface properties may be
the primary reason for not being able to reproduce

previously recorded data.

CONCLUSION
45°Y  junction
microchannels were used for droplet generation. The

and flow focusing features in
effects of adding surfactants to the aqueous dispersed
phase were studied for given flow combinations of the
dispersed and continuous phases. In both configurations,
there was a dip spotted in the generation rate —
concentration curves. This is explained by considering the
droplet formation in two distinct regimes; from 0%
surfactant up to a critical concentration, the rate of
generation decreases (droplet volume increases) while



further addition of surfactant above the critical
concentration results in increased droplet generation
rate (reduced volume). The first regime is dominated
by pressure drop at the crossflows while the latter is
affected by the competition of shear (viscous) stress
and surface forces.
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