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Experimental observations of the squeezing-to-dripping transition
in T-shaped microfluidic junctions
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An experimental study of droplet breakup in T-shaped microfluidic junctions is presented in which the
capillary number and flow rate ratio are varied over a wide range for several different viscosity ratios and
several different ratios of the inlet channel widths. The range of conditions corresponds to the region in which
both the squeezing pressure that arises when the emerging interface obstructs the channel and the viscous shear
stress on the emerging interface strongly influence the process. In this regime, the droplet volume depends on
the capillary number, the flow rate ratio, and the ratio of inlet channel widths, which controls the degree of
confinement of the droplets. The viscosity ratio influences the droplet volume only when the viscosities are
similar. When there is a large viscosity contrast in which the dispersed-phase liquid is at least 50 times smaller
than the continuous-phase liquid, the resulting size is independent of the viscosity ratio and no transition to a
purely squeezing regime appears. In this case, both the droplet volume and the droplet production frequency
obey power-law behavior with the capillary number, consistent with expectations based on mass conservation
of the dispersed-phase liquid. Finally, scaling arguments are presented that result in predicted droplet volumes
that depend on the capillary number, flow rate ratio, and width ratio in a qualitatively similar way to that

observed in experiments.
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I. INTRODUCTION

Numerous important industries rely on the ability to syn-
thesize liquid droplets, gas bubbles, and solid particles, in-
cluding inkjet printing, pharmaceuticals for drug delivery,
and consumer products. Methods for synthesizing droplets
are as numerous as the applications, but microfluidic tech-
niques have recently become popular due to their ability to
generate highly uniform particles. Several microfluidic ge-
ometries have been developed to synthesize uniform par-
ticles, including T-shaped junctions [1-4], coflowing con-
figurations [5,6], and flow-focusing geometries [7-10].
These configurations and the underlying droplet breakup
mechanisms are described in detail in a recent review [11].
The emergence of microfluidic methods has given rise to
new applications for highly uniform particles, including the
synthesis of novel multicomponent emulsions [6,12] and
nonspherical solid microparticles [12-15] as well as the use
of the droplets themselves as discrete reactors within lab-on-
a-chip devices [16,17].

Despite numerous studies investigating mechanisms for
droplet breakup in microfluidic devices, physical models pre-
dicting the droplet size, uniformity, and production fre-
quency as a function of all the relevant control parameters
are lacking. This deficiency arises in part from a lack of
comprehensive experimental observations spanning the
available phase space. To address this need, the present work
describes a systematic experimental study of droplet breakup
in T-junctions, focusing on conditions that lie in the transi-
tion region between the squeezing and dripping regimes that
have been studied previously [1,4,18].
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In a microfluidic T-junction, two immiscible liquids flow
into separate inlet channels that meet at right angles, as
shown in Fig. 1. The liquid to be dispersed emerges into the
junction, and the cross-flow of the second continuous-phase
liquid deforms the emerging interface and leads to breakup
of discrete droplets. Liquid flow is commonly controlled via
independent syringe pumps imposing volumetric flow rates
O, and Q. in each liquid. A small number of studies have
reported controlling the inlet pressures P, and P, using pres-
sure regulators [2,19]. The relevant geometric parameters in
a T-channel include the widths of the two inlet channels,

FIG. 1. Schematic diagram of a microfluidic T-junction. The
width of the channel into which the continuous-phase liquid flows
at arate Q. is denoted w,, while the width of the channel into which
the dispersed-phase liquid flows at a rate Q, is denoted w,. Soft
lithography fabrication leads to a uniform depth 4 throughout the
device. The inset shows a typical image of a droplet emerging from
the inlet channel and deforming due to the cross-flow of the
continuous-phase liquid. The droplet emerges until it reaches a
length b and a neck thickness s, as measured from the downstream
corner of the T-junction. Cross-flow of the continuous-phase liquid

*Author to whom correspondence should be addressed. then forces the droplet neck to thin, during which time the droplet
sanna@cmu.edu continues to grow due to injection of the dispersed-phase liquid.
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denoted w, and w,, respectively, and the width of the outlet
channel, w,. In the present study, the width of the outlet
channel is identical to that of the continuous-phase inlet,
w,=w, . Fabrication constraints lead to channels with rectan-
gular cross section in which the channel depth % is uniform
throughout the device. Also, the dispersed-phase liquid must
be nonwetting relative to the continuous-phase liquid for the
stable production of droplets [20].

Three main fluid stresses act on the emerging interface
and influence droplet breakup in a T-junction [1,4]. Viscous
shear stress due to cross-flow of the continuous-phase liquid
deforms the interface. The magnitude of the viscous shear
stress is estimated by the product u.G, where w.. is the vis-
cosity of the continuous-phase liquid and G is a characteris-
tic rate of shear strain that is proportional to Q. and is a
function of the T-junction geometry and that of the emerging
interface. The interfacial tension resists deformation by es-
tablishing a pressure jump (p;—p.) ~ ok across the curved
interface of the growing droplet that is proportional to the
curvature « and the interfacial tension o. Finally, as the
emerging interface fills the junction, the available area
through which fluid can pass is restricted, leading to an in-
creased pressure directly upstream of the junction. The ex-
cess pressure squeezes the neck of the emerging droplet, pro-
moting breakup. The magnitude of the squeezing pressure
increases dramatically as the distance between the emerging
interface and the opposing wall of the microchannel de-
creases [1].

Several dimensionless parameters describe microfluidic
droplet breakup. These parameters are commonly defined in
terms of experimentally controlled variables; connecting the
empirical quantities to the governing forces described earlier
remains a challenge. The capillary number Ca describes the
relative magnitude of the viscous shear stress compared with
the capillary pressure. A simple definition for Ca is given in
terms of the average velocity u,. of the continuous-phase lig-
uid:
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During a typical experiment, the dispersed- and continuous-
phase liquids are injected at different volumetric flow rates,
and the ratio of flow rates ¢ characterizes the contrast be-
tween these two speeds:
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Q.
The viscosity ratio A is an important parameter in droplet
breakup, where
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Finally, the numerous geometrical parameters defining a
T-junction lead to additional dimensionless ratios character-
izing the geometry. For the cases considered in this study
there are two aspect ratios, one comparing the width of the
continuous-phase inlet channel to the channel depth, w, /h,
and one comparing the inlet widths of the two phases,
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In the present study, in addition to characterizing the role of
the capillary number Ca, the flow rate ratio ¢, and the vis-
cosity ratio A on the droplet breakup process in a T-junction,
we also characterize the role of the T-junction geometry. We
restrict our study to microchannels with fixed depth 4, in
which the channel widths are larger than the depth, w./h
>1 and w,;/h>1. We systematically vary the ratio of inlet
widths A. We note that the influence of inertia and gravity on
microfluidic droplet breakup processes is typically negligible
[11]. The Reynolds number Re describing the ratio of inertia
to viscous stresses and the Weber number We describing the
ratio of inertia to capillary forces are both typically small. In
the experiments we discuss here, the maximum values of
these parameters, based on properties of the continuous-
phase liquid, are Re=p.u.D./ u.~0.08 and We= pcuiDc/a
~(.01, where D, is the hydraulic diameter of the
continuous-phase inlet channel. The Bond number Bo
=ApgD§/0' describing the ratio of body forces to capillary
forces is also small, with a value approximately Bo=4
X 107 for our devices, where Ap is the density difference
between the two liquids.

Previous experimental studies of droplet breakup at mi-
crofluidic T-junctions have focused on two distinct breakup
regimes. In one set of studies, the droplets generated are
smaller than the channel width and it is observed that the
droplet size depends predominantly on the capillary number
Ca and not on the flow rate ratio ¢ [2,4]. Scaling models
developed to describe these experiments assume that the vis-
cous shear stress is the dominant force controlling droplet
breakup, and the simple models find reasonable agreement
with the experiments [2,4]. A much larger number of studies
focus on a different regime in which the droplets fill the
channel and form “slug”- or “plug”-like shapes [1,3,21-23].
In this case, it is observed that the droplet length depends
predominantly on the flow rate ratio ¢ and not on the capil-
lary number Ca. Scaling arguments developed to describe
these experiments neglect the influence of the viscous shear
stress and assume that the dominant force controlling droplet
breakup is the squeezing pressure, since the large droplets
obstruct the channel. By arguing that detachment begins
once the emerging droplet fills the channel and that the drop-
let keeps growing due to continuous injection of the
dispersed-phase liquid, Garstecki and co-workers obtain a
relationship between the droplet length L and the flow rate
ratio,

L =1+ ap, (5)
where « is a constant of order unity [1,10]. Independent
experiments and numerical simulations by van der Graaf and
co-workers support the idea of a two-stage growth and de-
tachment process [24]. Other studies produce droplets that
appear to lie between these two regimes [24-26]. In all of
these studies, the viscous-stress-dominated regime occurs
when the capillary number is relatively large (0.01<Ca
<0.5) and when the continuous-phase channel is wider than
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the dispersed-phase channel. The squeezing regime occurs
when the capillary number is very low (Ca<<0.01) and the
channel widths are similar.

Most recently, De Menech and co-workers have used a
diffuse interface method to numerically simulate droplet
breakup in microfluidic T-junctions, focusing on the transi-
tion between the squeezing regime and the regime in which
viscous shear stress is dominant, which the authors term
“dripping” to draw analogy to observations of unconfined
droplet dynamics [18]. Examining the influence of the capil-
lary number, flow rate ratio, and viscosity ratio in square
channels, a distinct transition between squeezing and drip-
ping is found at a critical capillary number Ca*=~=0.015,
above which the slope of the curve describing the droplet
volume as a function of capillary number becomes signifi-
cantly steeper. In the squeezing regime Ca<<Ca*, the droplet
size is independent of the viscosity ratio and increases with
the flow rate ratio such that the scaling argument of
Garstecki and co-workers given by Eq. (5) is observed, with
a=2. In the dripping regime Ca>Ca*, the droplet size de-
creases strongly as the capillary number increases. Larger
viscosity ratios lead to smaller droplets, and the size is more
sensitive to changes in capillary number. The droplet size in
this regime is not as strongly dependent on the flow rate
ratio. The authors examine pressure fluctuations upstream of
the emerging interface in the squeezing and dripping regimes
and find that even in the dripping regime the squeezing pres-
sure cannot be neglected since the confinement of the emerg-
ing interface always plays a role in the process. Finally,
above a capillary number of Ca’~0.5, the detachment point
is observed to move gradually downstream as the breakup
process transitions to a low-Reynolds-number “‘jetting” mode
similar to that observed in both confined and unconfined
droplet breakup [6,27,28]. The transition to jetting occurs at
smaller values of Ca' as the viscosity ratio increases.

The simulations performed by De Menech and co-
workers demonstrate that the transition from squeezing to
dripping is one of the richest in the operating space of drop-
let breakup in microfluidic T-junctions, owing to the fact that
both the squeezing pressure and the viscous shear stress are
important. Despite numerous experimental studies, none
have reported detailed studies in this region. In addition,
each study utilizes a different T-junction geometry and none
systematically explore the influence of the geometry on the
droplet breakup dynamics. Nevertheless, we expect the ge-
ometry of the T-junction to play a central role in determining
the magnitudes of both the squeezing pressure and the vis-
cous shear stress since both forces depend on the distance
between the emerging interface and the opposing microchan-
nel wall at any instant in time.

To gain insight into the role of the T-junction geometry on
droplet-breakup dynamics, we present a comprehensive ex-
perimental study in which we systematically vary the capil-
lary number and flow rate ratio for several channel geom-
etries. We hold fixed the ratio of the continuous-phase
channel width to depth, w,./h=1/3, while we vary the width
of the dispersed-phase channel from A=w,/w.=0.4 to 2.5.
For each geometry, we vary the capillary number from Ca
=0.0005 to 0.3 at a constant flow rate ratio of ¢=0.25. In
addition, for one T-junction geometry, we vary the viscosity
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TABLE 1. Physical properties of liquids used in experiments,
along with dimensions of the microchannels used.

Viscosity  Device dimensions
Fluid system [mPa s] [um]
Continuous Silicone oil 6 W, 150
phase 50 wy 65-375
100 w, 150
350 h 50
Dispersed ~ De-ionized water 1
phase
Interfacial tension [mN/m] 45.57+0.96
Volumetric flow rates [ul/h] 4-2000

ratio from N=1/6 to 1/350 (for a fixed flow rate ratio ¢
=0.25) and the flow rate ratio from ¢=0.05 to 0.5 (for a fixed
viscosity ratio A=1/100). Thus, our experiments span the
range of conditions considered by De Menech and co-
workers, except that our channels are not square. Finally, we
develop a scaling model that captures the influence of both
squeezing pressure and viscous shear stress by incorporating
a force balance on the emerging interface. This simple model
indicates that the width ratio A is a critical factor in the
process. Finally, we discuss the dependence of droplet size
and production frequency on viscosity ratio and width ratio.

II. METHODS AND MATERIALS

The microchannels used in the present study are molded
in poly(dimethyl siloxane) elastomer (PDMS, Dow Sylgard
184) using standard soft lithography fabrication [29,30]. To
close the microchannels, we first coat a thin layer of PDMS
onto a glass microscope slide and then expose the surfaces of
both the molded microchannel and the thin PDMS layer to
ionizing air plasma (Harrick Scientific). Plasma treatment
ensures that the two surfaces bond covalently. The thin layer
of PDMS ensures uniform wetting on all microchannel sur-
faces, and the glass microscope slide provides stability. Prior
to use, sealed microchannels are placed in a 180 °C oven for
2 h to ensure that the microchannel surfaces have reverted to
hydrophobic wetting.

The microchannel geometries considered in this study are
listed in Table I. We select a fixed width w.=w,=150 um
and vary the width of the dispersed phase inlet channel from
wy=65 to 375 um. Soft lithography leads to microchannels
with rectangular cross section and uniform depth throughout.
In this study, the depth of all microchannels considered is
h=50 pm.

In all cases, the dispersed phase liquid is de-ionized water.
Low-molecular-weight silicone oil (Gelest) is used as the
continuous-phase liquid. Several oils have been selected
such that the viscosity u,. varies while holding the surface
tension constant. Viscosity values are used as reported from
the manufacturer and are listed in Table I. We use a du Noiiy
ring tensiometer [31] to measure the interfacial tension of the
water-oil pairs, obtaining an average value of o
=45.57*+0.96 mN/m for all four silicone oil and water com-
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FIG. 2. Top-view projection of a typical droplet imaged via
video microscopy. Edge detection is performed to obtain the in-
plane droplet shape g(6), which is integrated to obtain the projected
area of the droplet. In the out-of-plane dimension we assume that
the perimeter of the droplet is curved due to surface tension as
shown in the side view, with a curvature approximately equal to
half the channel depth, #/2. Assuming this shape allows integration
in three dimensions to obtain an estimate of the droplet volume.

binations considered. We assume that both liquids are free of
surface-active contaminants, and no surfactant is added to
either liquid.

The two liquids are driven using independent syringe
pumps (Harvard Apparatus PHD 2000). Prior to beginning
an experiment, the microfluidic device is primed by filling all
microchannel segments with the continuous-phase oil. Once
primed, the pump for the dispersed-phase liquid is started.
The pump for the continuous-phase liquid is started after the
dispersed-phase liquid reaches the T-junction. Dimensional
values of the volumetric flow rates are selected to achieve the
range of capillary numbers and flow rate ratios listed above.
For the oil-water pairs selected, the desired dimensionless
parameters correspond to volumetric flow rates that range
from Q=4 to 2000 wul/h. For each new data point corre-
sponding to a pair of flow rates (Q.,Q,), the fluids begin at
rest so that each experiment is independent of the others.

To ensure steady-state droplet production, data are re-
corded after at least 30 min has passed from the time that the
first droplet is produced. A long equilibration time is needed
due to the flexibility of the PDMS, which imparts compli-
ance to the microchannel network and can lead to long initial
equilibration times. Using a more rigid material such as glass
or silicon would minimize this effect. Once steady-state con-
ditions are achieved, high-speed video of droplet production
is captured downstream of the T-junction using a high-speed
CMOS camera (IDT XS-4) mounted to an inverted light mi-
croscope (Nikon TE 2000-U). Video is analyzed frame by
frame in post-processing to quantify droplet breakup param-
eters including the droplet volume and the frequency of
droplet production. In order to obtain reasonable statistics, at
least 200 distinct droplets from each experiment are ana-
lyzed, since we find that the standard deviation approaches a
constant value above this number.

The size of an individual droplet can in principle be mea-
sured from a two-dimensional image captured as the droplet
passes through the viewing region, such as that shown in Fig.
2. However, obtaining accurate size estimates based on im-
age processing presents several challenges. As shown in the
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figure, droplets formed at moderate capillary numbers are
nearly as wide as the channel, but are not “plug”-like as
others have reported at low capillary numbers [1], where the
droplet length and width are adequate to accurately describe
the droplet size. Nor are the droplets much smaller than the
channel so that they can be treated as spheres, or circular
cylinders pressed between the top and bottom channel walls.
Therefore an accurate analysis of the size of a droplet re-
quires one to account for its more complicated shape. In
addition, there is a lack of information about the shape and
size of the droplet in the out-of-plane dimension. In the se-
lected channel geometries, the channel depth is smaller than
any of the channel widths, suggesting that the droplets
should nearly fill the channel in this direction. However, fac-
tors such as swelling of the PDMS by the silicone oil [32],
flexing of the PDMS in response to a pressure-driven flow
[33,34], and the presence of a thin layer of oil surrounding
the droplet can lead to significant variability in the droplet
size. To circumvent these uncertainties, we obtain a global
measurement of the droplet volume by assuming that over
the duration of the experiment, the mass of the dispersed-
phase liquid injected by the syringe pump must equal the
mass contained in the produced droplets. Using high-speed
video we can count the total number of droplets, N, pro-
duced and the total time elapsed, Az, between the first and
last droplets in a given video segment with a high degree of
certainty. Thus, the time-averaged droplet volume (V) is
given by

QA1

W=

(6)
While Eq. (6) leads to an accurate and simple measure of
the droplet volume, it does not permit quantification of the
polydispersity. For this, we analyze individual droplets and
make simple assumptions about the droplet shape out of the
plane. Individual video frames are post-processed using cus-
tom image-analysis software written in MATLAB (The Math-
works, Inc.) to detect the edges and the projected area of
each droplet. If both the length and width of the droplet are
smaller than the minimum channel dimension, we assume
that the droplet is unconfined by the channel walls, and
therefore that the droplet is axisymmetric about an axis
aligned with the flow direction. In this case, the volume is
calculated using the Pappus centroid theorem [35],

V=2m7A, (7)

where V is the volume, X is the distance from the axis of
symmetry to the centroid of the upper half of the projected
area, and A is the area bounded by the upper half of the
droplet. The area and centroid of the upper half of the droplet
are calculated by applying MATLAB functions for blob analy-
sis to the region of the object identified as the droplet.

If either dimension is larger than the minimum channel
dimension, the channel walls confine the droplet, resulting in
a more complicated droplet shape. In this case, we assume
that the droplet nearly fills the channel and has depth 4. In
addition, we assume that the edges of the droplet must be
curved in order to minimize surface energy. We approximate
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this curvature by assuming that, in cross section, the droplet
has circular end caps with radius of curvature equal to the
half-depth of the droplet r.=~h/2, as shown in Fig. 2. This
assumption leads to the following expression for the three-
dimensional shape of the droplet:

2

r<a,z)=(%—z2) UR ®)

where r is a function describing the three-dimensional shape
of the droplet, z is the out-of-plane coordinate, and g(6) is
the function describing the edges of the droplet obtained
from the captured image. Equation (8) is integrated with re-
spect to z and 6 to obtain an expression for the droplet vol-

ume:
5 1 2m
v=(——3)mﬁ+(f——>wff 2(6)do
278 s 2)™ ],

h2’lT
+5f g(0)%de. 9)
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The integrals in Eq. (9) are calculated by applying a Rie-
mann numerical integration scheme to the droplet boundary
data obtained from the captured image [36]. We estimate the
droplet depth A in Eq. (9) using the global volume obtained
from Eq. (6). Taking the sum of Eq. (9) over the N, droplets
observed in a given experiment leads to a cubic function of
the droplet depth in terms of the time-averaged volume (V)
computed from Eq. (6) and the average values of the inte-
grals over the edge functions g(6). Solving the cubic equa-
tion yields an effective droplet depth corresponding to the
specific experiment. The effective droplet depth is then used
in conjunction with Eq. (9) to obtain volume estimates for
individual droplets. Finally, we compute the standard devia-
tion o for this ensemble of values and report the ratio a/{V)
as a measure of the polydispersity.

In addition to the droplet volume, we independently mea-
sure the droplet production frequency f by counting the num-
ber of video frames elapsed between droplets entering the
observation region and using the formula f=Ngg/N, where
Nrr is the frame rate and N is the average number of frames
elapsed between droplets.

III. DROPLET BREAKUP IN THE TRANSITION REGION

In order to systematically characterize the transition re-
gion between squeezing and dripping, we first select a refer-
ence geometry and keep the fluid pair fixed. We measure
droplet volume and polydispersity as a function of capillary
number and flow rate ratio for the reference system by se-
lecting three different flow rate ratios ¢=0.05, 0.25, and 0.5.
For each fixed flow rate ratio, the capillary number is varied
from Ca=0.005 to 0.3, reflecting the range of flow rates that
we can practically achieve in experiments. To keep the flow
rate ratio fixed, both Q, and Q. must vary as Ca varies.
Dimensional parameters for the reference system are given in
Table 1. The width of the dispersed-phase inlet channel is
equal to the width of the continuous-phase inlet channel,
wy=w.=150 um, such that A=1. The viscosity of the
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FIG. 3. Dimensionless droplet volume as a function of capillary
number for a fixed viscosity ratio A=0.01 (u,=100 mPas). The
microchannel geometry is given by w;=w,.=150 um (A=1), h
=50 um. Solid lines represent droplet volumes predicted by the
extended scaling model described in the text, while the dashed lines
represent the droplet volume resulting from the low-capillary-
number model of Garstecki et al. [1]. Each line corresponds to a
fixed value of the flow rate ratio, where the lines shift to larger
values as the flow rate ratio increases.

continuous-phase liquid is w@,=100 mPas, such that A
=0.01.

In Fig. 3, we plot the dimensionless droplet volume V,
defined as the time-averaged droplet volume (V) calculated
from Eq. (6) normalized by the quantity w?h. Over the range
of flow conditions considered, we observe that the droplet
volume decreases as the capillary number increases and the
droplet volume increases as the flow rate ratio increases, as
shown in Fig. 3. This trend is consistent with many other
studies in which droplet production is controlled by two im-
miscible streams in a variety of different geometries (see, for
example, [11] and references therein).

The droplet sizes produced in microfluidic T-junctions are
highly uniform. To show this, we organize polydispersity
values obtained using the procedure described in Sec. II on
an operating diagram in terms of capillary number and flow
rate ratio, shown in Fig. 4. For capillary number greater than
Ca>0.025, polydispersity values consistently fall below 2%.
For capillary number less than Ca<<0.025 and flow rate ratio
less than ¢ <<0.1, we observe polydispersity values as high as
10%. As flow rate ratio increases with Ca<<(0.025, polydis-
persity values decrease to between 2% and 6%. The largest
fluctuations in the droplet size occur when the volumetric
flow rates are lowest, suggesting that the fluctuations may
arise from the stepper-motor-driven syringe pumps.

We compare the measured droplet volumes shown in Fig.
3 with existing scaling models corresponding to different
modes of droplet breakup. In the squeezing regime, the drop-
let length should follow Eq. (5) for Ca<<0.01 and thus the
droplet volume should be independent of the capillary num-
ber below this limit [1]. The constant values of droplet vol-
ume corresponding to Eq. (5) for each of the three flow rate
ratios considered are shown as dashed lines in Fig. 3, where
we have taken a=1. Although most of our experiments lie
above Ca=0.01, the measurements below this value show no
sign of approaching a constant value as the capillary number
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FIG. 4. Operating diagram depicting the polydispersity in the
droplet volume as a function of flow rate ratio and capillary number.
The polydispersity is computed by taking the ratio of the standard
deviation of many measurements of individual droplet volumes to
the mean of those measurements.

decreases. We observe that the droplet volume varies with
capillary number over the entire range considered. More spe-
cifically, we find that the droplet volume exhibits a power-
law dependence on the capillary number for these experi-
ments, where VocCa'~® and the power-law exponent is (1
—a)=-0.316=0.016 on average.

Although the scaling model of Garstecki and co-workers
does not capture the capillary number dependence that we
observe, it does capture the observed dependence on the flow
rate ratio. To show this, we plot droplet lengths correspond-
ing to the data shown in Fig. 3 as a function of flow rate
ratio. We compare these data to the scaling model of
Garstecki and co-workers in Fig. 5. For all values of capil-
lary number, the droplet length is clustered around the curve
corresponding to Eq. (5), and on average these values gradu-
ally increase as flow rate ratio increases. We also perform a

1
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FIG. 5. Comparison of measured droplet lengths corresponding
to the experiments shown in Fig. 3 (A\=0.01, w;=w,=150 um, h
=50 um) with the low-capillary-number model of Garstecki et al.
[1] shown as a dashed line and the extended model described in the
text shown as a solid line corresponding to Ca=0.009. Although we
observe that droplet sizes always decrease with increasing capillary
number, the dependence on the flow rate ratio is similar to that
predicted for the purely squeezing regime.
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set of experiments corresponding to a small fixed capillary
number Ca=0.009 for a wider range of flow rate ratios up to
¢=2.5. These measurements, represented by solid symbols
in Fig. 5, agree reasonably well with the scaling model at
low capillary number, although the model slightly underpre-
dicts the droplet length. We note that Garstecki and co-
workers state that the scaling model should hold as long as
the width of the dispersed-phase inlet channel is greater than
half the width of the continuous-phase inlet channel, A
>0.5, and all of the present experiments meet this criterion.

Since the majority of our experiments lie above the criti-
cal capillary number Ca=0.01, we expect that the viscous
shear stress will play an increasingly important role in the
breakup process. The simplest scaling argument in this re-
gime assumes that droplets break when the viscous shear
stress overcomes the interfacial tension, analogous to droplet
breakup in unconfined systems [37-39]. Thorsen and co-
workers compare their measured droplet sizes with this scal-
ing argument, estimating the shear stress by measuring the
gap between the emerging interface and the opposing wall at
the point of breakup. This scaling argument systematically
overpredicts the measured sizes [2]. More recently, Husny
and Cooper-White developed an alternate scaling model
based on the same basic idea [4]. In this case, the authors
assume that the confinement of the emerging droplet is neg-
ligible and that droplets pinch off when the cross-flow drag
on the emerging interface exceeds the capillary force. The
model results in a fourth-order polynomial for the predicted
droplet diameter as a function of 1/Ca, and it agrees well
with measurements in T-junctions with w.>w, for capillary
numbers up to Ca=0.4. We do not make a direct comparison
with the droplet breakup model of Husny and Cooper-White,
since the resulting equation leads to complex values for the
droplet diameter at our experimental conditions. The experi-
ments of Husny and Cooper-White considered larger viscos-
ity ratios and smaller ratios of the inlet channel widths. In
any case, this model predicts that droplet size is independent
of flow rate ratio, which is inconsistent with our observations
in the same capillary number range.

Our experiments correspond most closely with the recent
numerical simulations of De Menech and co-workers [18], in
which the ratio of the inlet channel widths is order unity and
the range of capillary numbers and flow rate ratios consid-
ered is similar to ours. Like De Menech et al., we observe
that the droplet volumes depend on both the capillary num-
ber and the flow rate ratio. However, at the viscosity ratio
selected for our reference system, which is significantly
smaller than values considered in the simulations, we do not
observe the change in slope at a critical capillary number of
Ca=0.015 that was found in the simulations. As shown in
Fig. 3, we observe that the droplet volume continues to in-
crease as the capillary number decreases significantly below
this critical value. Clearly, droplet breakup in microfluidic
T-junctions is complicated in the intermediate regime where
both squeezing pressure and viscous shear stress play an im-
portant role. In addition, it appears that factors such as the
viscosity ratio and the microchannel geometry have not been
adequately accounted for in the experimental, theoretical,
and numerical studies reported to date.
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IV. EXTENDED SCALING MODEL FOR DROPLET
BREAKUP IN THE TRANSITION REGION

The existing scaling models described earlier agree well
with experiments at conditions corresponding to a given
mode of droplet breakup. Motivated by the success of these
models, we seek a simple model describing the transition
region that combines the salient features of each approach.
Garstecki et al. assume that detachment of the neck begins
when the emerging droplet fills the continuous-phase channel
and that the resulting droplet size is governed by the rate of
thinning of the neck and the rate of filling of the droplet
during detachment [1]. This assumption is consistent with
observations for “plug”-like droplets. However, in our ex-
periments, where squeezing is clearly not the only mecha-
nism for breakup, droplets are smaller than the continuous-
phase channel, so detachment must begin before the
emerging droplet has completely filled the channel. We as-
sume, similar to Thorsen et al.[2] and Husny and Cooper-
White [4], that the size of the emerging droplet prior to the
onset of detachment is determined not by the width of the
junction region, but rather by the balance of the three pri-
mary forces that govern the droplet breakup process: the cap-
illary force resisting deformation of the interface, the viscous
stress acting on the emerging droplet, and the squeezing
pressure. Once the sum of the viscous stress and the squeez-
ing pressure exceed the capillary pressure, detachment be-
gins. During detachment, the rate of thinning of the neck and
the rate of filling of the droplet control additional growth of
the droplet.

To quantify these arguments, we define several relevant
dimensions. The length of the emerging droplet as measured
from the downstream corner of the T-junction is denoted b as
shown in Fig. 1. We assume that the extent of the droplet
across the width of the channel is approximately equal to b at
early times. As long as the channel depth / is smaller than
the dispersed-phase channel width w,, we assume that the
droplet completely fills the channel depth. We denote the
width of the neck s as shown in Fig. 1, and we assume that
the initial width of the neck is equal to the width of the
dispersed-phase inlet channel. Using these parameters we
can estimate the magnitudes of the relevant forces, guided by
estimates originally provided by Garstecki et al. [1].

The capillary force is given by the difference between the
Laplace pressures at the upstream and downstream ends of
the emerging droplet multiplied by the projected area of the
emerging interface bh. The mean curvature at the down-
stream end of the droplet is given by the sum of the curva-
ture in the cross-channel direction 2/b and the curvature in
the depth direction 2/h. The mean curvature at the upstream
end of the droplet is given by the sum of the in-plane curva-
ture near the neck, which we approximate as 1/b, somewhat
smaller than the curvature at the downstream end, and the
curvature in the depth direction. The resulting capillary force
F, is given by

[ (2 2) (1 2)}
Fo=|-o|l-+—-|+0o|-+—||bh=-0h. (10)
b h b h

We note that the capillary force is negative, stabilizing the
droplet against breakup.
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The product of the viscous stress acting on the emerging
interface and the projected area of the emerging interface
approximates the viscous shear force F.. The viscous stress
is given by the product of the continuous-phase viscosity and
the effective shear rate in the continuous-phase liquid as it
passes between the emerging droplet and the opposing chan-
nel wall. We approximate the shear rate by taking the ratio of
the velocity of the continuous-phase liquid in the gap divided
by the gap width, where the gap width is given by the quan-
tity (w.—b). The resulting viscous force F is given by

u 0. ©%.0.b
—5P _ph o~ - h ~ =
we=b) " Pnw.=b)"" " (w.—b)?

(11)

We estimate the squeezing pressure arising from the ob-
struction of the channel by the emerging droplet in a similar
way to Garstecki et al. [1], using the characteristic pressure
arising from a lubrication analysis for pressure-driven flow
in a thin gap with aspect ratio (w.—b)/b. As the authors note,
a detailed lubrication analysis may lead to somewhat differ-
ent scaling if the shape of the interface is considered [40].
The resulting force F, due to the squeezing pressure is given
by

Fo= .

cYgap ~ Iu‘chb2
(Wc_b) (Wc_b) (Wc_b)S.

Mol b

F,~ Apbh =~ (12)

We note that Egs. (11) and (12) are singular as b ap-
proaches w,, or as the droplet approaches the opposing wall
of the junction. In our experiments this limit is not reached
since the droplets do not completely fill the channel. The
idea behind this simple model is that the forces given by Eqs.
(11) and (12) become large enough to exceed the stabilizing
capillary force as the droplet width b grows and the gap
thins. Therefore, we estimate the size of the emerging droplet
prior to the onset of detachment by solving for » when the
three forces described by Egs. (10)—(12) sum to zero. In di-
mensionless terms, the droplet size at the onset of detach-
ment is given by

(1-b)*=b X Ca, (13)

where b=b/w,. Thus we see that the capillary number
emerges as the controlling parameter for the initial size of the
droplet prior to the onset of detachment.

To obtain the final droplet length at detachment, we incor-
porate an argument similar to that of Garstecki et al. [1]
during the detachment process. We assume that the average
velocity of the continuous-phase liquid exerting the squeez-
ing pressure on the interface governs the thinning rate of the
neck, such that w0, = u.=Q./wh. During the squeezing
process, the dispersed-phase liquid is continually injected
such that the velocity of the emerging tip of the droplet can

be approximated by U= 04/ bh=u,A/b, where u,
=Q,/wyh. The added length of the droplet from the onset of
thinning to detachment is estimated by the product of the

time required for the neck to thin to zero, e
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=~ Wql Ugqueeze» and the velocity of the tip of the droplet. Com-
bining these expressions we obtain an expression for the final

dimensionless length L=L/w, of the droplet:
- - A

L=b+—

b

©. (14)

Equation (14) is equivalent to Eq. (5) except that in the

model of Garstecki ef al., b=1 and the fitting constant «
replaces the width ratio A.

To compare with our experiments, we estimate the droplet
volume by V=Lbh such that the dimensionless volume is
given by

7=~ —[h=5+ Ae. (15)
weh

Thus, to estimate the droplet volume for a given set of ex-
periment conditions, one must first calculate b using Eq. (13)
and then calculate the droplet volume using Eq. (15). Several
appealing features are evident in this model. First, the pre-
dicted droplet volume depends on both the capillary number
and the flow rate ratio, consistent with our observations. For
small capillary number, the model of Garstecki et al. is re-

covered if a=A, since b— 1. Additionally, the width ratio A
emerges as a parameter characterizing the role of geometry
in the breakup process.

The predicted volume calculated using Eqgs. (13) and (15)
for A=1 is shown in Fig. 3 for the same conditions consid-
ered in the experiments. At low capillary number, the pre-
dicted volume approaches a constant value identical to that
predicted by Garstecki ef al. As the capillary number in-
creases, the droplet volume decreases and the slope gradually
becomes steeper, consistent with the change in slope de-
scribed by De Menech et al. [18]. While our approximate
model does not exhibit an obvious “critical capillary num-
ber” marking a transition between the two droplet-breakup
regimes, the slope begins to increase in the neighborhood of
Ca=0.01, consistent with critical values reported by others
[1,18]. In Fig. 5, we plot the predicted droplet length as a
function of flow rate ratio for Ca=0.009, the same value
considered in experiments. Similar to the model of Garstecki
et al., the predicted length approaches a constant value at
low flow rate ratio and then increases as flow rate ratio in-
creases. For the finite capillary number considered, the pre-
dicted length is smaller than that given by Eq. (5), and the
two model curves converge at high flow rate ratios.

These results are consistent with the physical idea that the
squeezing pressure should be the predominant factor in drop-
let breakup at both low capillary numbers and high flow rate
ratios, while at larger capillary number and lower flow rate
ratios the viscous stress should play a more important role.
However, while the approximate model appeals to many of
our physical expectations for the droplet-breakup process,
the predicted droplet sizes agree only qualitatively with our
experiments for the reference system. For example, the mea-
sured droplet volumes shown in Fig. 3 do not approach a
constant value at low capillary number and the measured
values decrease more rapidly than predicted as capillary
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number increases. In Fig. 5, the approximate model under-
predicts the measured droplet length. There are many pos-
sible sources of discrepancy between the assumptions inher-
ent in the described model and the dynamics of droplet
breakup in a real experiment. To validate these assumptions
and develop a more robust model is outside the scope of the
present paper. On the other hand, the simple model we have
described captures many salient features of our observations
and suggests that additional factors should play a role, con-
sistent with our intuition. In the next section, we examine
experimentally the role of the viscosity ratio, which does not
appear in the approximate model, but is important in droplet-
breakup processes, and the width ratio of the T-junction,
which appears in the approximate model.

V. INFLUENCE OF FLUID PROPERTIES AND GEOMETRY
ON DROPLET BREAKUP

Existing studies of droplet breakup in T-junctions have
focused mainly on the role of the volumetric flow rates on
the breakup process. Two additional parameters have not
been examined in detail experimentally: the viscosity ratio
and the ratio of channel widths, A=w,/w,. Although existing
models do not include viscosity ratio as a parameter, numeri-
cal simulations indicate that the droplet size depends on vis-
cosity ratio when the viscosities are similar [18]. The effect
is most pronounced in the dripping regime and diminishes as
squeezing takes over. In experiments, Tice er al. [22] and
Guillot and Colin [27] report that the viscosity ratio plays a
role in the transition to jetting, but its influence has not been
systematically examined near the squeezing-to-dripping tran-
sition. Of course, the viscosity ratio is known to influence
breakup of isolated droplets [41] and liquid jets [42].

While the viscosity ratio does not appear in current mod-
els, the width ratio of the T-junction, A=w,/w,, appears as a
new parameter in the approximate scaling model described
in Sec. IV. This is appealing since we and others have argued
that confinement of the emerging droplet by the opposing
channel wall is important to droplet breakup [1,18]. In par-
ticular, we expect the squeezing pressure to become increas-
ingly important as the distance over which the droplet grows
before encountering a wall, w., becomes relatively small
compared with the initial diameter of the droplet, w,. Thus,
confinement of the emerging droplet is more pronounced as
the width ratio increases. At the other extreme, studies that
have considered very small width ratios (w,>w,) report that
the resulting droplet size is independent of flow rate ratio [4],
indicating that squeezing pressure is significantly less impor-
tant when the droplet is relatively unconfined. Equation (15)
supports this hypothesis since the second term containing the
flow rate ratio vanishes as the width ratio goes to zero.

In this section, we examine the role of both viscosity ratio
and width ratio in the droplet breakup process. To vary the
viscosity ratio we choose among several silicone oils for the
continuous-phase liquid (cf. Table I). De-ionized water is the
dispersed-phase liquid in all cases, resulting in viscosity ra-
tios below unity. For each fluid pair, we measure droplet
volume as a function of capillary number for fixed flow rate
ratio, ¢=0.25. For small viscosity ratio, we are limited to
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FIG. 6. Dimensionless droplet volume as a function of capillary
number for a fixed flow rate ratio ¢=0.25 and four different viscos-
ity ratios. For comparison, the low-capillary-number model of
Garstecki et al. [1] is shown as a dashed line and the extended
model described in the text is shown as a solid line.

Ca>0.01 due to syringe pump limitations. For large viscos-
ity ratio, we are limited to Ca<<0.l to avoid leakage near
tubing interconnections. To test the hypothesis that confine-
ment influences droplet breakup, we vary the width ratio by
fixing the width of the continuous-phase channel and varying
the width of the dispersed-phase channel from wy
=65 to 375 um, resulting in width ratios from A=0.43 to
2.5. For each width ratio, we report experiments at three
capillary number values Ca=0.01, 0.04, and 0.075, for fixed
flow rate ratio ¢=0.25, and fixed viscosity ratio A=0.01. We
note that we consider only geometries in which the channel
widths are similar and the droplet is relatively confined.

Figure 6 shows the measured droplet volume as a function
of capillary number for four different viscosity ratios (note
that the case A=0.01 is the same as the reference case; cf.
Fig. 3). For all cases except the largest viscosity ratio, the
measured droplet volume is nearly independent of the vis-
cosity ratio. The droplet volume decreases as the capillary
number increases, exhibiting power-law behavior with an av-
erage fitted power-law exponent of (1 —a)=-0.289=*=0.011.
The droplet volume does not approach a constant value at
low capillary number over the range of values tested. How-
ever, the system with the largest viscosity ratio (the most
similar viscosities), A=1/6, exhibits markedly different be-
havior as shown in Fig. 6. At low capillary number, the drop-
let volume approaches a constant value and decreases with
increasing capillary number above Ca>0.005. The rate of
decrease of the droplet volume at large capillary number is
steeper for the larger viscosity ratio. Finally, we observe a
transition to jetting for A=1/6, in which the detachment
point moves downstream as capillary number increases.

Figure 7 shows the measured droplet volume as a function
of width ratio for three Ca values. Consistent with earlier
observations the volume decreases with increasing Ca. At
small width ratio (A <1) the measured volume is approxi-
mately constant. As the width ratio increases above A>1,
the volume increases approximately linearly with width ra-
tio. The droplet volume is most sensitive to width ratio for
low Ca values, increasing by a factor of 2 for Ca=0.075 and
a factor of 3 for Ca=0.01.
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FIG. 7. Dimensionless droplet volume as a function of the ratio
of inlet channel widths at fixed flow rate ratio ¢=0.25 and fixed
viscosity ratio A=0.01 for three different capillary numbers. The
width ratio was adjusted by changing the magnitude of the
dispersed-phase channel width from w,;=65 um to 375 wm while
holding the continuous-phase channel width fixed at w,.=150 pum.
The dashed line corresponds to the droplet volume predicted by
Garstecki et al. [1], and the solid lines correspond to the extended
scaling model described in the text. The model curves shift down as
the capillary number increases, such that the top line corresponds to
Ca=0.01, the middle line corresponds to Ca=0.04, and the bottom
line corresponds to Ca=0.075.

Comparing the measured droplet volume in Fig. 6 with
the scaling model described in Sec. IV, we find that the pre-
dicted droplet volume (solid line in the figure) agrees reason-
ably well with experiments for A\=1/6 and ¢=0.25 over the
range of capillary numbers tested. For the lower viscosity
ratios, the model underpredicts the slope at higher capillary
numbers. This change in slope is consistent with the numeri-
cal simulations of De Menech et al.[18]. The dashed line in
Fig. 6 represents the low-capillary-number limit predicted
from Egs. (5) and (14), which agrees with observations for
A=1/6, while no plateau is reached for lower viscosity ra-
tios. Last, Eq. (15) predicts that the droplet volume increases
linearly with channel width ratio, with a slope that is inde-
pendent of Ca. The prediction agrees reasonably well with
experiments for the two larger Ca values, while the droplet
volume increases more rapidly than predicted for Ca=0.01,
as shown in Fig. 7. For comparison, the dashed line repre-
sents the prediction from Eq. (5) for @=1, which does not
explicitly depend on the width ratio and generally overpre-
dicts the volume.

VI. RATE OF DROPLET PRODUCTION

In addition to the droplet volume, the rate of droplet pro-
duction is an important quantity in the design of microfluidic
devices. Mass conservation dictates that the product of the
droplet production frequency f and the average droplet vol-
ume (V) equals the injected volumetric flow rate of the
dispersed-phase liquid [19]:
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FIG. 8. (a) Droplet production frequency as a function of capil-
lary number for three fixed flow rate ratios corresponding to A\
=0.01 and also for ¢=0.25 and A=1/6. Thin dashed lines represent
power-law fits to the data, the thicker dashed line represents the
low-capillary-number model of Garstecki et al. [1], and the solid
line represents the extended model described in the text. (b) Fitted
values of the power-law exponent « and the constant coefficient 3
for the experiments shown in part (a). Additional B values have
been obtained for the Ca=0.009 data shown in Fig. 5 assuming « is
constant.

Q4=AV). (16)
Scaling the droplet production frequency with the capillary-
breakup time #,,,= uw./ 0, such that f= fteapr Eq. (16) be-
comes

f=caf¢, (17)
%

indicating an inverse relationship between the observed fre-
quency and the droplet volume. To validate this relationship,
we measure the droplet production frequency as described in
Sec. II for experiments corresponding to Figs. 3, 6, and 7.
The results are shown in Fig. 8(a) for two viscosity ratios
A=1/100 and A=1/6, where the capillary-breakup time in
each case is 7,,,=0.33 ms and 19.8 us, respectively, and the
characteristic frequencies are f.,,=1/1,,~3000 Hz and
51000 Hz. As the figure shows, the measured frequency in-
creases with capillary number. For A=1/6, the frequency
increases more slowly at low Ca, then more rapidly at higher
Ca. For low viscosity ratios, the frequency exhibits power-
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law behavior over the range of Ca considered.

Figure 6 indicates that the measured droplet volume for
A=1/6 agrees reasonably well with values predicted from
Eq. (15). Figure 8(a) shows that the measured frequency for
this case also agrees well with the predicted frequency ob-
tained by combining Eqgs. (17) and (15). Furthermore, at low
capillary number the frequency approaches a linear depen-
dence on Ca, which is consistent with previous studies in the
squeezing regime [43] and with the scaling model appropri-
ate for this limit, obtained by combining Egs. (5) and (17), as
shown by the dashed line in the figure. At higher capillary
numbers, corresponding to the dripping regime, the fre-
quency increases faster than linear since the droplet volume
decreases with increasing Ca.

At low viscosity ratios, the frequency exhibits power-law
behavior. In Fig. 8(a), dotted lines represent power-law fits of
the form

f=BXxCa® (18)

where B:,Btwp and the power-law exponent is «
=1.31%x0.03 on average for all viscosity ratios except A\
=1/6. As the viscosity ratio increases, the exponent increases
slightly from a=1.21 at A=1/350 to a=1.32 at A=1/50.
Combining Egs. (17) and (18) results in an expected
power-law dependence of droplet volume on Ca given by

V=-Ca" (19)

™6

In other words, based on fits to the measured frequency data,
we expect to find that the droplet volume decreases with
capillary number with a power-law exponent equal to 1 -«
=-0.31*+0.03 at low viscosity ratios. This exponent agrees
well with the value of 1 -a=-0.289%0.011 that was found
in Sec. V from power-law fits to the droplet volume data. We
have thus shown that for all viscosity ratios considered, the
droplet volume and production frequency are linked via mass
conservation, as expected.

Finally, we examine the dependence of the coefficient 8
on system parameters for the low-viscosity-ratio systems.
The fitted values of « and B are shown in Fig. 8(b) as a
function of flow rate ratio. As the figure shows, the value of
« is approximately constant, while 3 increases with flow rate
ratio. 8 values for higher flow rate ratios are obtained using
the data corresponding to Ca=0.009 (cf. Fig. 5), assuming
that « is held fixed at the average measured value. The value
of B also increases with increasing viscosity ratio. In dimen-

sionless terms, the coefficient increases from B=0.70 for N

=1/350 to B=1.13 for A=1/50, suggesting that 3 represents
a characteristic frequency for the system that is comparable
to the capillary breakup frequency. Last, Fig. 9 shows that 8
decreases nonlinearly with increasing width ratio A, ap-
proaching a constant value of approximately S=2340 Hz
for A>1. Over the same range, the power-law exponent «
remains approximately constant with an average value of «
=1.33+0.05.
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FIG. 9. Fitted values of the power-law exponent « and the con-
stant coefficient 8 corresponding to the droplet production fre-
quency as a function of the ratio of channel widths. Experiments
were performed at fixed flow rate ratio ¢=0.25 and fixed viscosity
ratio A=0.01. The width ratio was adjusted by changing the mag-
nitude of the dispersed-phase channel width w, while holding the
continuous-phase channel width fixed.

VII. CONCLUSIONS

In this paper, we report a systematic experimental study of
droplet breakup at T-shaped microfluidic junctions for con-
ditions near the transition from squeezing dominated pin-
choff to dripping, where the viscous shear stress becomes
increasingly important. We produce highly uniform droplets
with polydispersity less than 2% over a wide range of capil-
lary numbers and flow rate ratios that encompass the transi-
tion region reported by others in experiments [1] and numeri-
cal simulations [18]. We find that the measured droplet sizes
always depend on both capillary number and flow rate ratio,
in contrast to previous experimental studies that focus on
either a purely squeezing regime, in which droplet size is
independent of capillary number, or a purely dripping re-
gime, in which droplet size is independent of flow rate ratio.

We consider several fluid systems in which there is a large
contrast between the two liquid viscosities and one system in
which the viscosities are similar. For the systems with high
viscosity contrast, we do not observe a transition to squeez-
ing over the range of capillary numbers that we were able to
explore. In fact, the droplet volume exhibits power-law be-
havior over this range, decreasing approximately as V
o Ca™'3, Independent measurements of the droplet produc-
tion frequency also indicate power-law behavior for these
systems, where the frequency increases at a rate faster than
linear with capillary number, foCa*?. These two indepen-
dent observations are consistent with the requirement that the
mass of the dispersed phase liquid be conserved. The power-
law behavior is independent of viscosity ratio from A
=1/50 to 1/350. Of course, the lack of an observed transi-
tion to squeezing in these systems does not rule out the pos-
sibility that such a transition exists at lower capillary num-
bers than we were able to achieve. Pump limitations
prevented measurement of capillary numbers significantly
below the previously reported critical capillary number of
Ca=0.01.

For the system with similar viscosities, A=1/6, the be-
havior is markedly different. In this system, the droplet vol-
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ume approaches a constant value as the capillary number
decreases, although the transition is more gradual than that
reported in recent numerical simulations for similar viscosity
ratios [18]. In addition, the critical capillary number is ap-
proximately a factor of 10 smaller than the previously re-
ported value of Ca=0.01. At higher capillary numbers, the
droplet volume decreases sharply as the capillary number
increases, and we observe a transition to jetting in the experi-
ments, where the detachment point moves downstream of the
corner.

We describe a physical model that captures several trends
observed in experiments. We assume that the sum of forces
on the emerging interface due to squeezing pressure and vis-
cous shear stress determines the extent of droplet growth
before the neck begins to thin and detach. Once detachment
begins, we use arguments similar to those of Garstecki et al.
[1] to account for continued injection into the droplet during
thinning. The resulting scaling model indicates that the drop-
let volume depends on both capillary number and flow rate
ratio, and predicts a low-capillary-number limit identical to
that demonstrated theoretically and numerically by Garstecki
et al. For higher capillary numbers the model consistently
underpredicts the slope of the curve for all cases. Since the
high-viscosity-contrast systems do not exhibit a low-Ca pla-
teau, the model quantitatively disagrees with these experi-
ments over the entire range considered in experiments. How-
ever, the model agrees reasonably well with experiments at
low capillary number when the viscosities are similar. Nei-
ther our model nor any other existing scaling model contains
the viscosity ratio as a parameter, yet the influence of the
inner liquid appears to be important to the droplet-breakup
process.

Despite its deficiencies, the scaling model also contains
the width ratio of the T-junction, a parameter that is not
present in earlier models. Intuitively, the channel geometry
should play a role in the droplet-breakup process since the
squeezing pressure becomes significant when the emerging
droplet obstructs the channel. Of course, the viscous stress
also increases as the gap between the emerging interface and
the opposing wall decreases. The simple model predicts that
the droplet volume increases linearly with width ratio, and
indeed this behavior is observed in experiments when the
capillary number is not too small. For smaller capillary num-
bers approaching the squeezing-to-dripping transition, the
droplet volume increases more dramatically with the width
ratio than predicted. Thus, both experiments and scaling ar-
guments support the hypothesis that the T-junction geometry
strongly influences the droplet-breakup process.

In summary, we present experiments and scaling argu-
ments demonstrating that the droplet-breakup process in mi-
crofluidic T-junctions, while complicated, can be described
in terms of the two dimensionless parameters describing the
flow: the capillary number and the flow rate ratio; the fluid
properties, described by the viscosity ratio; and the geometry
of the device, described by several different aspect ratios
including the ratio of widths of the inlet channels. The results
presented here should enable the design of microfluidic de-
vices that can operate over a wider range of conditions, as
well as the development of more detailed models of the
droplet-breakup process, especially near the transition from
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squeezing-dominated breakup to viscous-stress-dominated
breakup.
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