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High throughput estimates of surface tension
using steady droplet deformation in pressure-
driven fluidic flows

+2 Sabrina Marnoto, (2 12 Avi J. Patel® and

*xabc

Evyatar Shaulsky,
Sara M. Hashmi

Advances in fluidic droplet generation both necessitate and enable accessible, high throughput methods
to optimize formulations by measuring surface tension. One fluidic approach involves creating
extensional flow using constrictions. Droplets deform within a constriction, and then experience
extensional flow upon exiting into a wider channel. Transient relaxation of the deformed droplets,
coupled with the details of the extensional flow, can be used to measure surface tension. We propose
an alternative, arguably simpler approach: we use steady deformation within a constriction to measure
surface tension. Our approach is motivated by the linear theories that describe droplet deformation in
steady flows. These theories, encompassing both clean and surfactant covered drops in unbounded and
bounded shear flows, show that droplet deformation is linear with the capillary number for small
deformations. Interestingly, this steady deformation approach to estimating the capillary number, and
thus, surface tension, has not been tested in pressure driven microfluidic flows. We generate and flow
emulsion droplets through a series of increasingly narrow constrictions and use steady deformation to
measure surface tension. We investigate both water-in-oil and oil-in-water droplets, stabilized by three
different surfactants over a range of concentrations. In a subset of experiments, we vary the viscosity
ratio by adding polyethylene glycol diacrylate to water droplets. Validation using both the transient
deformation fluidic approach and pendant drop measurements on individual droplets demonstrates the
viability of using linear scaling behavior to estimate surface tension. Our results suggest steady state
deformation in pressure driven flows can be used to measure surface tension even when droplets are
slightly confined. This steady droplet deformation approach to surface tension measurements represents
a readily-accessible option for those using fluidic droplet generators to perform biomedical or other
assays, or to investigate or optimize emulsion formulations.

techniques.®” In fluidics, the transition between “jetting” and
“dripping” regimes of flow and the success of droplet pinch-off is

Droplets play a critical role in many consumer product industries
such as cosmetics, food, and pharmaceuticals. Droplets form by
mixing two immiscible liquids to create emulsions. Bulk emulsi-
fication methods yield large droplet quantities, but droplets are
typically polydisperse, which can cause emulsion instability and
other undesired effects."” Microfluidic techniques can generate
highly reproducible monodisperse droplets, with massive paralle-
lization able to counteract the low yield of microscopic
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governed by a complex interplay of viscous stresses and capillary
effects.® In experimental practice, the stability and reproducibility
of droplet formation is controlled by the viscosity ratio of the inner
and outer phases and the flow rates or pressure drops driving each
fluid phase. Typically a more viscous outer, continuous phase
more readily facilitates pinch-off of less viscous droplets.® Creative
use of multiple inlets and droplet pinch-off geometries combined
with precise flow rate control enables generation of double-, triple-,
and a variety of designer emulsions.”” Fluidics can even be used
to generate and control coalescence in Pickering emulsions,'* ™"
with the possibility of optimizing surface coverage using Al
methods.” Droplet microfluidics extend to biological fields with
singe-cell encapsulation; cells are encapsulated within aqueous
droplets surrounded by a controlled micro-environment and inde-
pendently analyzed downstream.'*™®
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The extensive use of microfluidics for droplet generation
highlights the growing need to measure and control liquid-
liquid interfacial properties in-line. Surface tension controls
droplet properties such as shape, size, stability, and
coalescence.'””° Reducing surface tension typically requires
adding surfactants or polymers, but excess adsorbent can lead
to micelle formation and foaming instability.>"** Additionally,
Marangoni stresses arise from gradients in surface tension,
further leading to droplet instability. Common techniques to
measure droplet surface tension include pendant droplet,
sessile droplet, and spinning droplet techniques.? > However,
these require measurements of one droplet at a time, limiting
their utility for optimizing fluidics-based emulsion formulation
chemistry. Further, these techniques each require separate
benchtop instrumentation.

Microfluidic techniques can mimic some of these macro-
scale measurements of surface tension. Several of these fluidic
techniques require immobilization of a drop, and one drop
must be measured at a time. Droplet shape can be oscillated by
the application of an electric field to measure surface
tension.>**® Hydrodynamic forces such as inertial and viscous
forces also induce droplet oscillations, even for nearly spherical
droplets at constant surface tension.>” Droplets can be immo-
bilized in a region of extensional flow and their deformation
measured with respect to extension rate.>**® Droplets can also
be deposited on a cantilever, with the static deflection of the
beam used to extract surface tension of the drop.>**° However,
for these methods, measuring droplet properties requires sta-
tionary droplets. As such, this impedes further analysis down-
stream and negates one of the primary benefits of
microfluidics, which is to enable continuous, high throughput
micro-scale measurements in flow.

Only one current microfluidic method takes advantage of
the high throughput nature of fluidics. In this, droplets deform
while flowing through a constriction. Upon exiting, they relax,
and the transient behavior is used to measure surface
tension.>* This method leverages descriptions of drop deforma-
tion in external flow fields dating back to the original work of
G. 1. Taylor.?® Subsequent theoretical treatment describes the
transient behavior of deforming drops.*’ Recent implementa-
tions that measure deformation dynamics extract surface ten-
sion from the shape of the deformed droplets in extensional
flows through cylindrical capillaries or microfluidic devices
made in PDMS.>*® In these implementations, the fluidic
designs include geometric features that involve either sudden
expansions or constrictions in the width of the channel.
When flow rate is constant, conservation of mass requires
that droplets decelerate upon entering an expansion or accel-
erate upon entering a constriction. Any deformation of a
droplet within a constriction relaxes back to a sphere upon
exit. Measuring both the time-dependent droplet shape and the
variation in the extension rate enables surface tension mea-
surements. Because both droplet velocity and shape change in
time and space at the exit of a constriction, we refer to this type
of surface tension measurement in flow as the “transient”
method.
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While transient deformation relaxation provides a robust
measurement of surface tension, we propose an even simpler
implementation of small droplet deformation theories in pres-
sure driven flows. Rather than measure surface tension of
droplets as the shape changes in extensional flow, we measure
the steady deformation of a droplet in steady flow within a
constriction. We demonstrate these measurements using a
relatively simple geometric channel design. Our design allows
for in-line measurements of deformation over a range of
applied viscous stresses without requiring manual adjustment
to input flow rates or driving pressure. We first generate
droplets in a flow-focusing pinch-off device. They then flow
through a channel with constrictions of increasingly narrow
width. Because droplets are driven at a constant flow rate, they
experience increasingly higher velocities as they navigate the
constrictions, and therefore increasingly higher shear stresses.
Video analysis provides simultaneous measurements of
steady droplet velocity and steady deformation, from which
we calculate surface tension. In both the transient and steady
approaches, surface tension measurements are taken after
surfactant equilibrates on the droplet interface.*®

We measure the surface tension of several different emul-
sion systems, both water-in-oil and oil-in-water droplets, using
three different surfactants, both ionic and non-ionic. We vali-
date our steady deformation measurements by two indepen-
dent methods: the pendant droplet technique and the fluidic
transient deformation relaxation method summarized above.
In a subset of measurements, we modify the viscosity ratio by
adding a polymer to the water droplets. For this we choose
PEGDA, a long chain polymer that forms a blank stale hydrogel
when mixed with a photoinitiator and exposed to UV light,
commonly used in fluidic microgel production.*?” Control of
droplet surface tension and stability of PEGDA-filled water
droplets before crosslinking are required to optimize particle
making. We find that all measurements using the steady state
method compare well with the transient method and pendant
drop. Remarkably, we find that steady state droplet deformation
can provide accurate measures of surface tension, regardless of
the emulsion system, even when droplets are somewhat con-
fined in the vertical dimension due to the height of the channels.
We anticipate that the simplicity of steady deformation measure-
ments may enable greater access to fluidic tensiometry for a wide
variety of in-line measurement needs.

Il. Materials and methods
A. Sample materials

We measure the surface tension of both water droplets in oil
and oil droplets in water in our flow tests. To measure surface
tension ¢ we use three different surfactants in our experiments:
Span 80 (Sigma-Aldrich, CAS 1338-43-8), Tween 80 (Sigma-
Aldrich, CAS 9005-65-6) and sodium dodecyl sulfate (SDS)
(Sigma-Aldrich, CAS 151-21-3). The oil phase is a light mineral
oil (Fisher, CAS 8042-47-5). In all cases, surfactant is introduced
through the continuous phase. Span 80 and Tween 80 are used

This journal is © The Royal Society of Chemistry 2025
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to create water drops in oil at mole fractions ranging from y =
107° to 10", For flow tests where we measure oil droplets in
water, we add either Tween 80 or SDS to the continuous phase,
with concentration ranges from y = 0.00125 to y = 0.01.

For the system of water droplets in oil, we adjust the inner
phase viscosity by dissolving polyethylene glycol diacrylate
(PEGDA) with molecular weight 700 (Sigma-Aldrich, CAS
26570-48-9) in DI water at concentrations ¢ = 9, 19, 29 and
39% by volume. We add 1% by volume photoinitiator 2-hydroxy-
2-methylpropiophenone (Sigma-Aldrich, CAS 7473-98-5) to the
aqueous droplet phase. In this way, the PEGDA droplets we
investigate mimic the droplet chemistry used as precursors to
hydrogel particle formation. Note that we do not expose the
PEGDA droplets to UV in this study.

We measure viscosity u of the inner and outer fluids using a
standard shear rate sweep protocol at room temperature, in a
cone-and-plate geometry in a rheometer (TA DHR; 2° 60 mm
cone). The mineral oil has ¢ = 39.5 + 1.6 mPa s. The aqueous
phase viscosity depends on PEGDA concentration: p = 0.89, 1.47,
2.46, 4.23 and 7.77 mPa s for ¢ = 0, 9, 19, 29 and 39%, respectively.
For water drops in mineral oil, the viscosity ratio between the
inner and outer liquid phases is 4 = 0.02, increasing to 4 = 0.20
when PEGDA is present in the water drops at ¢ = 39%. For oil
drops in water, 4 = 44.

B. Device design

The microfluidic design consists of two main stages: droplet
formation and deformation measurement. The first stage,
shown in Fig. 1a, is a flow-focusing droplet maker that enables
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the production of uniform droplets that flow in single file. At
the neck junction, the inner droplet fluid in inlet (1) is pinched
off by the outer continuous fluid from inlet (2). Droplets then
flow into a gradually expanding channel. At the downstream
position where the channel width has increased by a factor of
two, additional continuous phase from inlet (3) is used to
control the linear velocity.**>** Flow through inlet (3) controls
the distance between droplets and facilitates particle tracking.

We employ three different device geometries to measure
droplet deformation. Two of these measure deformation in
steady flow while the third measures deformation as a function
of time in transient flow. In one variation of the steady flow
geometry, Fig. 1b, sequentially narrowing constrictions in
channel width are arranged such that all droplets flow in the
+x direction. As indicated in Fig. 1a, y indicates the direction
across the channel width. Fig. 1b shows a device with four
distinct channel widths arranged linearly along the flow path
with constrictions narrowing from 195 to 75 um wide over a
total length 2100 pm. We refer to this geometry as the “linear”
arrangement of constrictions.

In the second geometry to measure deformation in steady
flow, Fig. 1c, constrictions are arranged in switchbacks. The
particles flow in the —x direction in the first constriction, then
in the +x direction, and so on, as indicated by green arrows.
Fig. 1c shows an image of this stacked constriction geometry in
which there are five constrictions, with widths narrowing from
195 to 40 um. The constrictions appear stacked on top of each
other when viewed in the microscope. In this “stacked” geo-
metry, the length of each constriction is 3.5 mm, much greater
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Fig. 1 Microscopy images of the microfluidic flow-focusing droplet maker and variations of the tensiometer geometry. (a) Shows the droplet maker,
where an aqueous stream (1) is pinched off by a continuous oil stream (2), and a second junction downstream brings in additional continuous phase (3) to
control the velocity of and distance between the droplets. (b) Shows the linear arrangement of microfluidic constrictions downstream of the droplet
maker, with channel widths decreasing discretely in the direction of fluid flow. (c) Shows a steady flow geometry where constrictions of increasingly
narrow width are stacked on top of each other in a series of switchbacks. (d) Shows a constriction from the transient flow geometry, in which the channel
tapers, then abruptly expands to its original width. The scale bars are 100 um. Green arrows indicate direction of flow.
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than the width of the microscope image, which is ~800 um
wide. As such, transitions between switchbacks are well beyond
the field of view to the left and to the right. Droplets in the field
of view are far from the entrance region of the constrictions.
Any shape perturbations due to turns in the channel are like-
wise beyond the field of view.

The third device geometry, Fig. 1d, measures the relaxation
of deformed droplets back to spheres. Droplets flow continu-
ously in +x, encountering a series of six individual constrictions
followed by expansions. Flow in the main channel of width of
~500 um converges into constrictions that are between 5 and
10 times narrower than the main channel. At the exit of each
constriction, the channel width abruptly returns to its original
width of ~500 pm. As such, droplets exiting each constriction
decelerate, experiencing an extensional flow rate ¢ = dv/dx
where v is the droplet velocity in the x direction. Droplets that
experience deformation within the constriction relax back to
spheres upon exiting. In this geometry, transient relaxation is
used to measure surface tension, ¢.>>*® We refer to use of this
geometry as the “transient” method. Fig. 1d shows an example
channel of width 480 pm constricting to 90 um then expanding
back to 480 um.

All devices are made with polydimethyl siloxane (PDMS)
using standard soft lithography methods.*® In the linear steady
flow device, channel height is # = 32.4 pm.*® In the stacked
steady flow device, 2 = 50 or 2 = 70 um. In the transient device,
h = 85-105 pm. Both the PDMS and glass slide are treated by
plasma (Harrick) and adhered together, with holes punched
through the PDMS so that all tubing enters into and exits from
the top of the device.

C. Flow tests

Flow through the device is controlled using constant driving
pressure (Fluigent LineUp Flow EZ). In all three device geome-
tries, the pressures driving flow through inlet (1) are typically
up to 300 mbar. The pressure driving inlets (2) and (3) are
typically higher, up to 1000-2000 mbar when the continuous
phase is oil, and up to 3000 mbar when the continuous phase is
water. At these pressures, the linear velocity of the droplets can
reachv ~ 1 cm s~ ', or even faster for oil droplets in water. The
flow rate ratio between the aqueous and oil streams in the neck
junction enables control over droplet diameter and production
frequency. We control the pressure driving inlets (1) and (2) to
maintain droplet diameters a < h. In a few cases, we form
droplets that are similar in size or slightly larger than A.

The plasma cleaning process described above adheres the
glass slide to the PDMS through a hydrophilic interaction,
causing the device to remain hydrophilic for at least 3 hours,
providing ideal conditions when water is the continuous phase.
When oil is the continuous phase, due to the hydrophilic
interaction between the drops and the glass slide, we preflush
the channel with Aquapel to provide a hydrophobic coating on
the PDMS and glass surfaces.*® This method facilitates droplet
flow and prevents adhesion even at low surfactant concentra-
tions. Still, we observe water droplets sticking to the channel
walls and blocking the channel in very low surfactant
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concentration conditions (Fig. S1). This sets a lower limit of
% = 3.7 x 10~* for the surfactant concentration measurable in
the fluidic device. As surfactant concentration increases, the
surface tension decreases, leading to better control of both
droplet production frequency and droplet size.

D. Microscopy

All fluidic devices are imaged on a Leica inverted microscope
(DMi8) using either a 5x, 10x, or 20x objective. The linear
arrangement facilitates imaging all four constrictions simulta-
neously using the 5x objective, with resolution 0.96 pixels per pm.
We can also view one constriction at a time with the 20x
objective, with resolution 3.33 pixels per pm, capturing four
separate videos to image the total device. An example of a 20x
image of the linear device is shown in Fig. S2. For the stacked
arrangement, we image all constrictions simultaneously regard-
less of the objective used. For the device measuring transient
relaxation, we image droplets at the exit of each constriction
independently, using either a 5x or 10x objective. In the devices
with stacked constrictions and in those used to measure transient
relaxation, droplet residence time is on the order of 10 s between
formation and measurement.

Regardless of device geometry, we reduce the field of view in
the dimension perpendicular to flow to minimize exposure
time. We collect images up to 167 frames per second using
an sCMOS camera (Leica DFC9000), or up to 3000 frames
per second using a high-speed camera (Photron FASTCAM Mini
AX200). There is a tradeoff between resolution in space and
resolution in time. Frame rates can be increased when the field
of view is cropped. The use of lower magnification objectives
allows for cropping of the field of view, thereby enabling a
higher frame rate. However, using a higher magnification
objective requires a larger region of the field of view to image
the flow. Therefore the higher spatial resolution may mean
slower frame rates. Between 2-60 s are captured for each flow
condition, depending on the frame rate. We collect several
thousand frames for each flow test.

Due to the high velocity of the drops, the frame rate of video
capture must be sufficiently fast. Most cameras used for micro-
scopy operate using a raster scan. The rolling shutter typically
opens from the middle of the image, and the scan speed v; is
half the number of pixels in the vertical dimension of the image
divided by the exposure time. Due to convection, the top of the
droplet moves forward during the time it takes the shutter to
reach its location. If v, is not sufficiently fast compared to v, still
images may show droplets tilted with respect to the flow
direction: 6 = arctan(vs/v). This artifact can be seen in the
second narrowest constriction in Fig. 1c: the major axis of the
droplets appears tilted above horizontal. The velocity of the
droplets is ~11000 um s~ " in this constriction, corresponding
to v ~ 160 pixels per frame. The image resolution and scan
speed explains this tilt: 6 = arctan(vs/v) ~ 70°.

E. Image analysis

Each series of images is analyzed to obtain both droplet
position and shape in every frame (Python OpenCV), with the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Image analysis: the first step (top) is the image crop and rotation. In
the second step (middle), the images are thresholded and binarized. The
last step (bottom) defines the contours in green, the bounding rectangles,
in red, and the centroids of each individual droplet in every frame.

steps in the process indicated in Fig. 2. After rotating and
cropping the frames so that flow is in the x-direction only, we
binarize the grayscale images, as shown in the middle of Fig. 2.
We identify all contours in the binary image, and filter by size
and maximum deformation to remove artifacts and drops cut
off from the ends of the image. The outermost contour of the
droplet is indicated in green in the bottom image of Fig. 2.

We test two alternative methods for identifying the location
of the droplet centroid and measuring the droplet shape. In one
method, after defining the relevant contours, we use the
rectangular bounding box around each individual contour, as
shown in red in the bottom of Fig. 2. The dimensions of the
bounding box give the major and minor axes of the droplet, d,
and d, respectively, providing a measure of the droplet shape.
The center of the bounding box is the droplet centroid. This
method of measuring droplet shape using major and minor
axes has been employed in a few instances of extensional flow
measurements of droplet deformation.?**®

In the second method, we identify all N pixels within a given
droplet contour. We calculate the moment of inertia I along
each axis by summing the positions of all pixels j within each
droplet contour:

N

N 2
L=%(y— )" and I,=> (- ()

2

1)

J

where ({x), (y)) represents the centroid of each contour. The
centroid is the mean position of all pixels in x and y; for

| N
example, (x) = ~ x40
J

In either method of identifying droplet shape, the centroids
are then analyzed using a standard particle tracking algorithm
to obtain the trajectory and velocity of each droplet.*!

F. Pendant droplet measurements

We validate the fluidics measurements using the pendant dro-
plet technique.”> We measure the interfacial tension between
water and oil as a function of Span 80 (Sigma CAS 1338-43-8) in
the range of mole fractions y = 107> to 10~". We use one of two
instruments: a Kriiss DSA-100 instrument, and the platform
provided by DropLab Inc. Twelve different surfactant concentra-
tions are prepared in oil and each loaded into a standard cuvette.
Then, a DI water droplet with volume on the order of 1 pL is
suspended into bulk mineral oil from a 26- or 33-gauge needle.
A minimum of five droplet backlit shadow images are acquired
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for each surfactant concentration. We perform this sequence at
least twice: as a result, between 7 and 25 droplets are measured
at each surfactant concentration.

The interfacial tension ¢ is calculated either using an open
source analysis tool, OpenDrop, or droplet shape analysis
performed by the instrumentation software and based on the
Jennings and Pallas algorithm.*>** In short, the droplet shape at
equilibrium is determined by a balance between gravitational
and surface tension stresses. Due to the pendant shape of the
droplet, however, the Young-Laplace equation cannot be solved
analytically. Instead, the droplet profile is measured as a func-
tion of the arc length from the droplet apex using image analysis.
The Young-Laplace equation is then used to fit the droplet
shape in an iterative manner to obtain ¢.*>** Similarly to the
situation with the microfluidic measurement, at very low surfac-
tant concentration, y < 2 x 10>, the droplet sticks to the needle
and the walls of the cuvette in the pendant droplet apparatus,
preventing accurate measurements of very high surface tension.

lll. Results and discussion
A. Theory: deformation in steady shear flow

Small deformation of droplets has been described in unbounded
linear flows for a variety of surfactant coverages, including bare
droplets uncovered by surfactant,*® droplets with mobile inter-
faces partially covered by surfactant,”® and for droplets with
immobile interfaces due to full coverage by surfactant.*’ In all of
these situations, droplet deformation D scales linearly with the
capillary number Ca:

D = fCa 2)

where f can be referred to as a proportionality constant,
prefactor, or slope of the linear dependence. In Ca = ujro/o, u
is the continuous phase viscosity, r, the unperturbed droplet
radius, and y is the shear rate. In all cases f is a constant of
order 1. For bare droplets in unbounded shear or extensional
flows, f(4) = (194 + 16)/(16/ + 16) depends on the viscosity ratio
between the inner droplet and outer continuous phases.*® This
result matches experimental data obtained in both shear and
extensional flows, up to D ~ 0.2 and D ~ 0.3, respectively.’® For
droplets partially covered by surfactant, the amount of surfactant
coverage on the mobile droplet interface also determines the
prefactor ffor small deformations in shear flow. That is, f depends
on both 4 and a parameter that describes the sensitivity of surface
tension to the surfactant concentration on the interface.*® If the
amount of surfactant enables complete coverage of a drop, the
interface becomes immobilized. These drops behave like rigid
particles. In this case, small drop deformation varies linearly with
Ca, and f = 5/4 without dependence on the viscosity ratio.”” At
finite deformations, beyond Ca =~ 0.2, analytical models no longer
suffice and a boundary integral approach must be used to
calculate deformation in shear flow.*®*

In bounded flows, with the degree of confinement defined
as a/h, deformation remains linearly proportional to Ca both
for clean drops and those with immobile interfaces. For clean
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drops in unconfined flows, with 1 = 1, f = 1.09.>° As confine-
ment increases f increases, and D > Ca. In bounded shear
flows, this effect is intensified for larger Ca.*® Measurements of
the deformation of clean drops obtained at Ca = 0.1, 0.2, and
0.3 match an analytical approach based on the method of
reflections up to nearly a/h ~ 1.***° For drops with immobile

8
interfaces in confined shear flows, f = 1 +§(a/h)3, as long as

Ca < 0.2.°° In this case, f remains O(1) as long as a/h < 1.7. In
pressure driven Poiseuille flow in a tube, drop deformation is
nearly identical to that in shear flow, for D < 0.1.>"

In all of these small deformation theories, the phenomen-
ology of eqn (2) holds true, with a prefactor constant of order 1.
To illustrate this point, we note that Taylor’s theory for clean
drops suggests values between f = 1.005 and 1.03 for the water
drops in oil used in our experiments, and f= 1.18 for the oil drops
in water.? At full surfactant coverage of the droplet interface, we
expect f= 1.25."” These values represent a small correction to D =
Ca. Therefore, we leverage the universality of this dimensional
scaling for small deformation in our measurements, which span a
range of surfactant coverages and degrees of confinement. To
estimate surface tension from steady droplet deformation, we
invert eqn (2) and use

HyTo
o= ©
with f=1.

In our steady flow tests, we employ pressure-driven flow
rather than simple shear. We approximate the instantaneous
shear rate by the wall shear rate, , using the instantaneous
droplet velocity and the characteristic length scale of the
narrowest channel dimension, namely the half-height of the
channel: y = 2v/h. In our experiments, 7 ranges from O(1) to
0(10000) s, with the highest shear rates used to measure
deformation of oil droplets in water.

The deformation parameter D is a measure of the elongation
of the droplet, and has been measured using two variations. In
the simplest definition,

& @

where d, and d, are the major and minor axis of the droplet,
described above.**> Alternatively, droplet deformation can be
measured by replacing d, and d, with /7, and /I,.*° The
moments of inertia I are given in eqn (1).

One benefit of using multiple constrictions within a single
channel geometry lies in the ability to measure the steady
deformation D at multiple shear rates without adjusting the
overall pressure drop driving the flow test. The hydraulic
resistance remains constant throughout all flow tests, indicating
no perturbation of the device geometry, even at high driving
pressures. Therefore the pressure-driven flow provides a con-
stant volume flow rate, Q. By conservation of mass, all droplets
navigating the narrowing constrictions increase in their linear
velocity from one constriction to the next. Droplet flow velocity v
increases proportionally with the reduction of the channel cross-
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sectional area A: v = Q/A. In the linear and stacked geometries,
droplets experience four or five distinct values of velocity and
shear rate, respectively. As such, each individual constriction
provides a measurement of ¢ using eqn (3).

Furthermore, since each population of droplets experiences
an increasing velocity along its flow path, we plot D as a
function of ujr, and calculate ¢ as the reciprocal of the slope.
We measure the goodness of the linear fit of D versus ujr, as an
assessment of the linear behavior of D ~ Ca. We limit our
measurements to drops with both steady deformation and
steady position within the flow. While droplets migrate across
streamlines due to their deformability, our measurements are
located well beyond the entrance to the channel, and droplets
flow along the center line.**>® We refer to these measurements
of surface tension as “steady”, in reference to the steady flow of
the droplets.

B. Theory: deformation in transient flow

As an alternative to measuring droplet deformation in steady
flows, surface tension can also be measured in transient exten-
sional flow. The microfluidic equivalent of the four-roller mill
originally used by Taylor creates a quasi-static extensional flow,
with two outlets arranged perpendicular to two inlets.”® A
droplet is then trapped in the center of the intersection of the
four channels, and its shape measured as a function of the rate
of extension.

To perform measurements on droplets in extensional flows
without trapping them, abrupt changes in the channel cross
section are required along the flow path. These changes involve
abruptly changing the width of a channel, typically by a factor
of 3.3*73%% Ag droplets flow at constant flow rate into or out of a
region with an abrupt change in channel width they experience
rapid acceleration or deceleration, respectively. The change in

. . . . dy
velocity along the flow path is the extension rate: ¢ = d

. Upon

deceleration at the exit of a constriction, a deformed droplet
relaxes back to its undeformed spherical shape.*’**** The
dynamics of the relaxation rate of D depend on the
extension rate:

oD 5 a
—__- s "D
ot 2.+ 3° oury (5)

where o is given by

(274 3)(194 + 16)

Y00+ (6)

Eqn (5) can be solved analytically, with the result D(¢) = D,
exp(—t/t), where D, is the deformation at time 0, or upon
exiting a constriction.****3> The characteristic time 7 = oury/
g. Thus, ou represents an effective viscosity of the continuous
phase.*® For droplets of DI water, o = 1.23. With PEGDA added
at 39% by volume, « increases to 1.40. In our measurements, ©
ranges from 0(10™%) to 0(107%) s, and the maximum decel-

eration is § ~ 0(10) s~
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= y—to

To measure g, we apply the chain rule Tl i

rearrange eqn (5) into:

5 . 0D D
o (—2)L T3 vm) = a(%) (7)

as is typically done.***3> An example of ¢, dx/d¢t, D, and dD/d¢
plotted as a function of x is shown in Fig. S3. With D and v
measured in every image, the left hand side of eqn (7) is a linear
function of D/r, with slope ¢, as shown in Fig. S4.>* We refer to
these measurements of surface tension as ‘‘transient,” in
reference to the transient dynamics of the droplet shape
recovery in extensional flow.

In fluidic geometries which trap a droplet in the center of a
quasi-static extensional flow field, v = 0, reducing eqn (7) to two
terms, and the steady deformation D varies linearly with the
extension rate of the flow field.”*

In experimental practice, surfactants are added to stabilize
drops. However, both theoretical approaches described above
assume steady surface tension, which requires steady surfac-
tant coverage. In the presence of surfactants, ¢ reaches equili-
brium under two mechanisms: transport of surfactants to the
interface and adsorption at the interface.”® In stationary drops,
transport occurs by diffusion, and can be accelerated by
increasing the concentration of the surfactant or reducing the
size of the droplet. In micron-sized droplets, ¢ approaches
equilibrium orders of magnitude faster than in milli-sized
droplets.***”>° When measuring ¢ in flow, the phase in which
surfactant is introduced also affects equilibration of surface
coverage. Due to convection, surfactants introduced from the
outer phase cause ¢ to reach equilibrium faster than surfac-
tants introduced in the inner phase.*® Reaching equilibrium
surface coverage is complicated by the fact that flow sweeps
surfactants to the back of the droplet, inducing Marangoni
stresses.®® Nonetheless, equilibration of surface tension mea-
surements of flowing droplets occurs within ~ O(1) second for
droplets that are tens of microns in diameter with surfactants
in the outer phase.’®® In our flow tests, surfactant is intro-
duced in the outer, continuous phase. To ensure equilibration,
droplets experience a residence time ~ O(10) seconds before
reaching the stacked constrictions in which steady deformation
is measured.

C. Experimental results

We begin by investigating water droplets in oil, stabilized by
Span 80. Fig. 1a and ¢ show example images of droplets flowing
through constrictions in the linear and stacked arrangements.
Clearly seen in Fig. 1c is the change in droplet shape as they
move from the largest constriction (top) to the smallest con-
striction (bottom). In this image, the water droplets contain
39% PEGDA by volume, the mineral oil contains Span 80 at y =
1 x 102 mole fraction, and the droplet diameters are ~ 30 pm.
As seen in the narrowest constriction in Fig. 1c, the droplet
forms a slipper shape like that seen as Ca — 1 in Poiseuille
flow.®" Because the deformed drops are no longer simply
elongated, but now have a dimple, we omit the narrowest, fifth
constriction from the surface tension analysis that follows.
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We measure the instantaneous deformation D and velocity v
of all droplets in a flow test as they pass through a series of
increasingly narrow constrictions. Fig. 3 shows two representa-
tive measurements of v (blue) and D (green) as a function of
flow direction x. The data shown in Fig. 3a is obtained from the
linear arrangement of constrictions imaged at 5x and the data
shown in Fig. 3b comes from a stacked arrangement imaged at
10x. The results in Fig. 3a and b correspond water droplets
with ¥ =1.39 x 10" %> and y =1 x 10, of Span 80, representing
runs 12 and 3 in Table S1, respectively. For each flow test, all
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Fig. 3 Representative examples of velocity v and deformability D as a
function of x in the flow direction for the linear and stacked arrangement
of constrictions. For each constriction geometry, a single microscopy
image captures all four constrictions of each device. In the linear arrange-
ment, the widest constriction starts at x < 550 um and the narrowest
constriction ends at x 2 1700 um. The red boxes indicate the region of
measurement within each constriction. In the stacked arrangement, all
constrictions extend the entire width of a microscopy image. Break points
along the x axis indicate separate sections. For (a), data is obtained for
droplets with 7 = 1.39 x 1072. For (b), data is obtained for y = 1 x 107>.
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four constrictions are imaged simultaneously. Given that each
individual droplet is imaged multiple times through the course
of a flow test, Fig. 3a represents ~17 000 droplet measurements
and Fig. 3b represents more than 36 000. In both Fig. 3a and b, as
droplets travel from one constriction to the next, both v and D
exhibit four individual plateaus of increasingly larger, steady values.

In Fig. 3a, the four constrictions are in-line, with the largest
constriction beginning at x = 0 um and the narrowest constriction
ending at x ~ 2000 pm. Measurements of v and D are shown
throughout the device, including as the droplets flow through the
transitions between constrictions. In these transitions, v increases
smoothly from one constriction to the next, from ~2000 um s "
in the widest constriction, to more than ~8000 pm s in the
narrowest. However, D exhibits a peak as the particles travel from
one constriction to the next, indicating droplet acceleration. The
front portion of the droplet moves faster than the rear, leading
to an effectively higher droplet deformability as the droplet
accelerates.>® Between the third and fourth constrictions, for
instance, while the plateau values of D increase from ~0.016 to
~0.045, the peak reaches nearly D ~ 0.13. To prevent this
transition from artificially skewing measurements of D to higher
values, we use the steady plateau value of D in each constriction to
measure ¢. These plateau regions are indicated by the red boxes in
Fig. 3a.

The fast relaxation time scale associated with surface ten-
sion helps ensure the robustness of measuring deformation in
steady flow. Given particles with r, ~ O(10) pm and ¢ ~ O(1)
mN m~ ", the time scale associated with eqn (5) T ~ 0(10™ %) s.
That is, momentary perturbations in v are nearly immediately
reflected in the values of D. This phenomenon can be seen
clearly in the second and third constrictions in Fig. 3a. The
steady values of D exhibit some degree of perturbation, which is
explained by comparable perturbations in v, which may in turn
be due to imperfections in the device geometry. Devices are
“single-use” in that we use a new device for each flow test. Data
shown in Fig. 3a corresponds to run 12 in Table S1. An
additional example of data collected from a separate device
using the linear arrangement of constrictions is shown in
Fig. S5.

Fig. 3b shows an example of raw data collected from con-
strictions in the stacked configuration. Each individual con-
striction spans well beyond the width of the microscope image,
which is ~1300 pm at 10x, as shown in Fig. 1c. As such, the
transitions between the constrictions do not affect the mea-
surements of D or v. In Fig. 3b, breakpoints in the x-axis are
used to separate the measurements made within each constric-
tion. D is plotted using a moving average over a window of
65 data points. Similar to Fig. 3a, the droplet velocity increases
from v ~ 2800 pm s ' in the widest constriction to v ~
8250 um s ' in the narrowest. D increases simultaneously,
from ~0.007 to ~0.042.

To ensure the applicability of steady small deformation
theories, we use steady values of D to calculate surface tension,
in which D is constant in both time and position along the
channel, as in the regions indicated in Fig. 3a and b. By limiting
our measurements to steady values of D, we avoid any flow
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regimes in which dilatational area change of a droplet interface
can lead to rearrangement of surfactant on the surface, thus
affecting surface tension.*®®> Where D is steady, droplet posi-
tion along the center line of the flow is also steady, indicating
absence of cross stream migration.>>>® Further, while the
examples shown in Fig. 3a and b show measurements of D
up to ~0.04, all measurements of D discussed here are below
~0.07. This magnitude of D falls well within the definition of
small deformation required by the linear theories.

We use the measured values of D and v in steady flow to
measure surface tension ¢. Simultaneous measurements of D
at different velocities confirm the linearity of D with 7. Fig. 4a
and b plot D as a function of ujr,, with the data corresponding
to the measurements shown in Fig. 3a and b. The red line
in Fig. 4a is fit to a line with slope 1/¢, where ¢ = 5.78 +
0.53 mN m™". The error bars on ¢ are propagated from the
uncertainty of the linear fit. In Fig. 4, error bars on the ujr, axis
are propagated from the standard deviation of v within each
constriction, but are smaller than the size of the data points.
The goodness of fit is represented by R* = 0.97. In Fig. 4b, the
reciprocal slope results in a ¢ = 6.28 & 0.03 mN m™ ' with R* =
1.00. The better fit seen in Fig. 4b demonstrates two benefits
of the stacked arrangement of constrictions: more droplets
are visualized in all constrictions, which span the width of
the image. Further, the stacked constrictions can be imaged
simultaneously at higher magnification. As a result, improved
statistics are obtained even in the smaller constrictions. The
measurements in Fig. 4 are obtained using the moments of
inertia of the x and y axes of each droplet to calculate D
(eqn (1)). We provide a detailed comparison between this and
the bounding box method in Fig. S6. In short: we find the
bounding box method may introduce noise on the droplet-
scale, especially when deformations are very small.

D. Comparison to other techniques

To validate the microfluidic measurements, we perform pen-
dant droplet measurements of surface tension over a range of
surfactant concentrations. Fig. 5 shows the comparison
between measurements made using the pendant droplet tech-
nique and steady droplet deformation in the microfluidic
device, using both the linear and stacked arrangement of
constrictions. We plot ¢ with respect to Span 80 mole fraction .
Pendant droplet measurements are shown in blue: each data
point is an average of at least seven independent droplet mea-
surements for each y value, with error bars indicating the
standard deviation. The orange data set represents fluidic mea-
surements obtained using the linear arrangement of constric-
tions, at y values coinciding with those investigated by pendant
drop. The magenta data is obtained using the stacked arrange-
ment of constrictions at two intermediate values of y. Each
microfluidic measurement represents the results of a single flow
test, with error bars representing the uncertainty in the linear fit
of D(jur,) for each value of y. The SI contains details for Fig. 5:
Table S1 shows the total number of droplets and total number of
droplet measurements obtained at each value of y for each flow
test, for both the linear and stacked constrictions. Exact values for
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Fig. 4 Deformation, D, plotted as a function of jurg for flow tests in which
(@) 7 =139 x 1072and (b) ¥ = 1 x 10~>. In each plot the red line is a linear fit
to the data, with slope 1/6. In (@), ¢ = 578 £ 0.53 MmN m~% and in (b), ¢ =
6.28 &+ 0.03 mN m~% The error bars on the data points in each plot
indicate the standard deviation of the plateaus in Fig. 3a and b, respectively.

the pendant droplet and the number of trials for each data point
is shown in Table S2.

In Fig. 5, surface tension decreases with surfactant concen-
tration, with ¢ falling from ~70 mN m~' with very little
surfactant down to ~2 mN m™* when y = 0.1. The fluidic
methods measure ¢ from >15 to <2 mN m™ . Using pendant
droplet, measurements are obtained at surfactant concen-
tration as low as y = 1.8 x 10>, while for the microfluidic
device, measurements are obtained down to y = 3.7 x 10~*. At
lower values of y than those shown for each method, droplets
tend to stick to the side walls of the cuvette or microfluidic
device, despite hydrophobic surface chemical pretreatments of
the channels (Fig. S1). The size of the error bars decreases as y
increases for all three measurement methods: the maximum
spread in the data is ~15%, at y = 9.7 x 10~°, decreasing to
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Fig. 5 Surface tension, 4, as a function of y, the mole fractions of
surfactant Span 80. Blue circles represent pendant drop measurements,
with error bars representing the standard deviation based on a collection
of droplets. The orange triangles and magenta stars represent fluidic
measurements obtained using linear and stacked arrangements of con-
strictions, respectively. Each microfluidic data point represents one flow
test, with error bars on ¢ representing the uncertainty of the linear fit in
Fig. 4. Each flow test measures hundreds or thousands of droplets, as
described in Table S1.

104

~6% at ¥ = 9.8 x 10~ 2. The size of the error bars on the fluidics
measurements obtained at y = 3.7 and 7.5 x 10~ * might also be
explained by the example in Fig. 4a. Measurements in the
narrowest constriction of the linear arrangement may lead to
an overestimation of D and thus an underestimation of o,
especially for stiffer, higher surface tension droplets. For mea-
surements obtained using the stacked microfluidic constric-
tions, error bars are smaller than the size of the data points.

Fig. 5 demonstrates reasonable agreement between the
microfluidic measurements of ¢ obtained in steady flow and
the measurements obtained by pendant drop. At high surfac-
tant concentration, beyond y ~ 5 x 10>, surface tension drops
to a nearly constant plateau, ¢ ~ 5 mN m~". The range of y
investigated extends both below and above the critical micelle
concentration (CMC). The formation of micelles at concentra-
tions above ycmc prevents additional free surfactant molecules
from adsorbing to the water-oil interface. Measurements of
Zcmc may vary depending on the method used. For Span 80 in
mineral oil, ycme ~ 1 % 1072, as measured by the pendant drop
and sessile drop techniques.®® When measured by pendant
drop, we observe that ¢ reaches a plateau at y ~ 5 x 10>.
Interestingly, when measured by fluidics, ¢ reaches a plateau at
a slightly lower surfactant concentration, y ~ 1 x 107",

The lower value of ycumc observed in the fluidics measure-
ments may be explained by appealing to the convective nature
of fluidic droplet formation. Transport of surfactant to the
droplet interface can be described in full detail by appealing
to a mixed model that also includes Langmuir adsorption
kinetics and diffusive transport. If surfactant is introduced
from within the droplet phase, internal circulation within the
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droplet becomes important.** However, in our experiments,
surfactant is introduced from the external continuous phase.
Further, the Peclet number is high in our flow tests, indicating that
convection dominates over the diffusion of dissolved Span 80.
That is, Pe = vi/D; ~ 0(10%) or higher. We estimate the diffusion
constant for Span 80 in mineral oil to be Dy ~ 0(10~%) em® s~ .
Detailed studies of dynamic interfacial tension using the transient
method of microfluidic tensiometry suggest that surfactant trans-
port to the droplet interface is controlled by convection rather than
diffusion.’*®® That is, the high flow rate may facilitate adsorption
of the surfactant on the droplet surface at somewhat lower
concentrations than expected from pendant drop or other mea-
surements of stationary drops.

Next, we measure surface tension using the transient fluidic
technique, in which droplets exit a constriction, as in Fig. 1(d).
The relaxation of the deformed droplet in the extensional flow
beyond the constriction exit is used to measure ¢.>***** Upon
exiting the constriction, a deformed drop quickly relaxes back
to its spherical shape. Fast relaxation relies on a sudden,
dramatic change in droplet velocity due to a sudden change
in channel width.?>>° For this reason, we investigate droplet
relaxation for expansions that are at least a factor of 5 times
wider than the constriction. Eqn (7) provides the measurement
of ¢, which is the slope of the linear fit of the left hand side as a
function of D/r,. The details of this analysis are shown in
Fig. S3 and S4. In each of our transient flow tests, ¢ is measured
at the exit of multiple constrictions, and we report the average
and standard deviation of the measurements.

In Fig. 6, we compare the steady and transient fluidic
methods at two surfactant concentrations, y = 1072, in
Fig. 6a, and 10 °, in Fig. 6b. In this comparison, surface
tension is measured as a function of A, adjusted by adding
polymer to the water droplets. We choose the uncrosslinked
hydrogel polyethylene glycol diacrylate (PEGDA). With the
multitude of applications for PEGDA and other polymeric
solutions, understanding surface tension of PEGDA-filled drops
in microchannel flows will help prevent ink clogging, facilitate
coating spreadability, and improve formulation stability.
PEGDA increases the viscosity of the inner phase: / increases
from 0.02 to 20 as PEGDA concentration ¢ increases from 0 to
39%. For steady flow measurements of ¢, the prefactor of
eqn (2) similarly increases from f = 1.005 to 1.03. In the
transient measurements, o in eqn (6) increases from 1.23 to
1.40. The results in Fig. 6a and b suggest that ¢ does not
strongly vary with 4, regardless of the fluidic method used. Due
to its hydrophilic nature, PEGDA may not strongly adsorb to the
oil-water interface, especially given the preferential adsorption
of Span 80, an amphiphile. Further, the spread in the data
obtained from each fluidic method is comparable.

In Fig. 6, the data in green represents measurements
obtained on stationary drops using the pendant droplet tech-
nique. Given the lack of dependence of ¢ on 4, pendant drop
measurements are obtained without PEGDA in the water dro-
plets, corresponding to 4 = 0.02. The dotted lines represent the
average, with the green shadow representing the standard
deviation, of measurements on 10 or 11 unique droplets. When
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Fig. 6 Surface tension as a function of 4, controlled by adding PEGDA to
water drops, with Span 80 (a) = 1 x 1072 and (b) 7 = 1 x 107>, Steady
fluidics measurements use the stacked geometry: data points represent
individual flow tests with error bars propagated from the linear fit in Fig. 4.
Error bars for the transient method are the standard deviation of measure-
ments from multiple constrictions in a single flow test. The green dotted
line and shadow represent the average and standard deviation of pendant
drop measurements at 4 = 0.02 (c = 0% PEGDA).

=102 beyond the ycpmc indicated in Fig. 5, measurements of
o from the pendant drop fall in between the two fluidic
methods (Fig. 6a). When y decreases to 10> in Fig. 6b, how-
ever, the pendant drop measures ¢ significantly higher surface
tension than either fluidic method. Measurements of ¢ average
to 5.4 £ 0.8 for the fluidic methods, regardless of whether the
steady or transient method is used. The pendant drop measures
¢ =13.9 £ 1.4, nearly twice as large as the value obtained from
fluidics. In all, Fig. 6 corroborates the suggestion from Fig. 5
that stationary pendant drop measurements suggests a higher
value of ycmc than obtained from measurements of droplets
in flow.
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The steady flow shown in both Fig. 5 and 6 show one data
point for each flow test, and indicate the run-to-run variation.
Within each flow test, droplet size remains fairly constant.
However, droplet size can vary from one flow test to the next.
The constrictions in the stacked geometry are wide enough
such that the droplet diameters are no more than ~70% of the
constriction width. However, in many cases the channel height
h is the limiting dimension of the channel. So, even when
droplets do not appear confined by side walls in the two-
dimensional microscopy images, they might be slightly con-
fined in the z direction.

To check if the degree of droplet confinement in the z
dimension of the channel alters deformation and measure-
ments of surface tension, we measure ¢ as a function of droplet
diameter a normalized by channel height 4. Fig. 7 shows the
steady deformation fluidic data from Fig. 6 as a function of a/A,
with ¢ given in the legend. While a/h varies from nearly 0.8 to
1.3 for the collection of all the steady deformation measure-
ments, ¢ does not strongly depend on the degree of confine-
ment: (¢) =7.3 £ 1.1, a variation of 15%. We find the same to be
true for the steady deformation data collected at y = 10?, in
Fig. S7a. Despite a/h ranging from 0.5 and 1.3, ¢ shows no
strong dependence on the degree of droplet confinement: (¢) =
5.5 + 1.5, for a variation of 27%. A similar analysis for
measurements obtained in the linear arrangement of constric-
tions is shown in Fig. S7b, in which a/h varies from 0.9 to 1.3
for seven different flow tests. Previous studies suggest that
the optimal spacing of droplets between channel walls is
0.2 < a/h < 0.8 while using the transient method and when
/ is small. As a/h — 1, lubrication forces may impact droplet
velocity.*® However, Fig. 7 shows that measurements of ¢ at
a/h > 1 are comparable to those obtained when a/A is as low as
~0.5. The fact that ¢ does not strongly vary with a/h suggests

10
® 0%,0.02 *
A 9%,0.04 + +
8{ * 19%,0.06 A
29%,0.11 @ o+
+ 39%, 0.20 »}
— 1 (@)
£ 6
=2
E
o 4]
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Fig. 7 Surface tension, o, as a function of confinement, droplet diameter
a divided by channel height, h. Measurements are obtained from steady
deformation in stacked constrictions, with Span 80 y = 1072 and various
amounts of PEGDA. The legend gives c, in volume %, and 4.
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that slight compression in the z dimension does not significantly
influence the resulting measurements of ¢ in our measurement
range of D < 0.07. For clean drops in confined shear flow above
D = 0.1, confinement increases deformation, with a more pro-
nounced increase for larger D."® For fully surfactant laden drops
and rigid particles, the degree of confinement is a third order
correction to the prefactor fin eqn (2).>° Because our approach
uses f = 1, confinement might explain the slightly lower value of
o obtained at a/h ~ 1.3 in Fig. 7.

E. Alternative emulsion systems

The above discussion focuses on water droplets in oil, with non-
ionic surfactant Span 80 in the oil phase, over a range of
viscosity ratios 0.02 < 4 < 0.20. We also validate our technique
on systems of oil droplets in water by using an ionic surfactant,
SDS. By switching the dispersed and continuous phases, we
switch from viscosity ratios from 4 < 1 to A = 44, further
exploring the capabilities of this method. Broad viscosity ratios
are found in biological applications using fluorinated oils as
the continuous phase. Fluorinated oils are particularly useful to
allow oxygen transfer to cells encapsulated in droplets and their
viscosity ranges from 0.64 cP to 28.4 cP.°®"®® Water droplets in
these oils have up to 4 ~ 32.

Fig. 8 compares surface tension measurements obtained
using pendant drop and steady measurements of deformation
in a stacked microfluidic device. SDS concentration is varied
between y = 10~ * and 0.01. Between y = 1.25 x 10> and 0.005,
the measurements of ¢ are within 16.3% of each other, with
some overlapping error bars. Error bars on the pendant drop
measurements represent the standard deviation of measure-
ments obtained from at least 7 unique drops. As in Fig. 5 and 6,
error bars on the fluidic measurements represent the standard
error of the fit used to obtain .

Measuring the surface tension of mineral oil drops sus-
pended in water, when /4 > 1, presents several challenges.
These challenges manifest especially in systems with higher
surfactant concentrations, as seen for the measurement at y =
0.01 in Fig. 8. Lowering the viscosity of the continuous phase
compared to the droplet phase causes an increase in droplet
size. Size can be decreased by increasing the flow rate ratio of
the continuous and dispersed phases.®®’® However, increasing
flow rate of the continuous phase too much may cause backflow
of the dispersed phase, preventing droplet formation entirely.
Given this tradeoff, we can most easily generate oil droplets
with diameters down to 70 um. Also, the continuous phase
viscosity provides the viscous shear stresses, uj, required to
both pinch off droplets and deform them in steady flow. Since
the viscosity of water is ~40x less than that of mineral oil, the
continuous fluid velocity must be increased to compensate. For
instance, data shown in Fig. 8 represent droplet velocities as
fastas ~0.5 m s, which required frame rates up to 30 000 fps.
Further, the higher driving pressures needed to obtain faster
flow can cause device failure; our devices can withstand up to
several bar.

We also measure the effect of adding non-ionic surfactant
Tween 80 to the continuous phase. Table 1 shows measurements

Soft Matter, 2025, 21, 7433-7448 | 7443
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Fig. 8 Surface tension ¢ of oil drops in water as a function of SDS mole
fraction y using the pendant drop method (blue) and stacked steady fluidics
device (orange). The error bars on the pendant drop data represent the standard
deviation of at least 7 measurements for each value of y; error bars on the
fluidics data represent standard errors in the linear fit, as described in Fig. 4.

10~

of ¢ for three concentrations of Tween 80: two of these represent
water droplets in oil; one represents oil droplets in water. In each
case Tween 80 is added to the continuous phase. However,
Tween 80 is more miscible in water than in mineral oil. This
miscibility can cause difficulty with water droplet pinchoff, such
as tails forming at the end of droplets or oil droplets forming
when water droplets are desired. The surface tension of these
malformed droplets cannot be measured from droplet deforma-
tion. Also, generating and deforming oil drops in water with
Tween 80 causes similar challenges to those observed with SDS.
Regardless, steady deformation measures surface tension values

comparable to pendant drop, for ¢ between ~8 and 18 mN m ™.

IV. Practical considerations

We suggest that steady droplet deformation measurements in
the small deformation regime provide a robust way to assess
surface tension with minimal geometric design requirements.
We anticipate this method may benefit fluidic droplet genera-
tion for a wide variety of broader applications. Here we discuss
practical considerations for implementing this method.

Our in-line tensiometry method, placed downstream of a

microfluidic  droplet maker, uses measurements of

Table 1 Measurements of surface tension obtained using pendant drop,
opp and steady fluidic deformation, asg. The continuous phase contains
Tween 80 at yrweeen, forming water drops in oil (W/O) or oil drops in water
(O/W)

A Tween Droplet type opp (MN mil) osr (MN mil)
2 x10°* W/O 17.73 + 4.32 16.56 + 2.13
1x 1073 W/O 8.04 + 0.57 6.63 + 3.08
2 x 1072 Oo/W 12.05 + 1.21 12.25 + 0.23
7444 | Soft Matter, 2025, 21, 7433-7448
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deformation in steady flow. Steady deformation measurements
arguably represent a simpler approach than measurements of
transient deformation in extensional flow. That is, steady
deformation can be measured for droplets flowing through
even a single constriction, as long as the unperturbed droplet
size is known. Then, measurement of the steady value of D and
v can suffice to measure Ca and therefore, surface tension o.
In contrast, in transient extension measurements, ¢ is obtained
from a fit to a curve, represented by eqn (7) and shown in
Fig. S4. This curve contains as many data points as there
are instances of droplet shapes observed in the extensional
flow, enabling a high degree of freedom in the linear fit. In
steady measurements, the shape of all droplets in flow is
averaged at any given shear rate to obtain ¢, giving one degree
of freedom for a given constriction. Multiple constrictions can
be used to obtain D as a function of j, providing an additional
degree of freedom for each constriction. Despite the fewer
degrees of freedom in measuring ¢ in steady deformation,
steady measurements of ¢ compare well with those obtained
from both transient extension flows and pendant drop
measurements.

Because measurements of ¢ in steady flow come from
averaged values of D, care must be taken to ensure D is
measured precisely. In practice, this requires sufficiently
high spatial resolution and sufficiently fast time resolution.
The spatial resolution, or number of pixels across each drop
diameter, determines the minimum resolvable value of deforma-
tion D. When combined with the slowest droplet velocity, seen in
the largest constriction, the minimum steady D therefore deter-
mines an upper limit on the measurable surface tension. Due to
the importance of spatial resolution, the moment of inertia
shape analysis method provides a better measure of both droplet
shape and thus D as compared to the bounding box method (Fig.
S6). Spatial resolution can be increased through a combination
of larger drops and a higher magnification objective. However,
higher magnification objectives typically reduce the transit time
of a droplet through the field of view, requiring faster camera
frame rates. The importance of temporal resolution likewise
manifests in two ways. Images of fast-moving droplets must be
captured at a rate fast enough that individual droplet shapes are
well defined and not blurred. Further, frame rates must be
sufficiently fast to capture single droplets multiple times in the
field of view to enable particle tracking measurements of v.
Temporal resolution becomes especially important when droplet
viscosity is larger than the continuous phase. As discussed
above, continuous phases of lower viscosity require faster linear
velocities and thus even higher frame rates to capture crisp
images of droplets.

Keeping these practical considerations in mind, measure-
ments of steady deformation D even smaller than 0.01 are
possible when using objective magnifications as low as 5x.
When combined with measurements of v ~ 0(1000) um s~ *, this
enables measurements of ¢ between ~0(1) and 0(10) mN m ™},
and we measure ¢ up to ~20 mN m™ . Interestingly, resolution
of the technique is not what limits measurements of larger a.
Rather, reducing ¢ destabilizes the droplets in flow (Fig. S1).

This journal is © The Royal Society of Chemistry 2025
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The dimensional scaling argument present in small defor-
mation theories agree well with experiments and boundary
integral simulations up to approximately D ~ 0.2. Larger values
of ¢ would generate smaller values of both D and Ca, thus
maintaining the relevance of the small deformation scaling
theories. We anticipate this approach can be extended to rigid
particles, which deform similarly to fully surfactant laden
drops.”” This would enable estimates of elastic moduli from
steady deformation. On the other hand, generating droplets of
much larger sizes, approaching a millimeter in diameter, or
those with ultra-low surface tension, would facilitate measure-
ments to test the upper limits of D and Ca for which the linear
scaling still holds. For larger droplets, the system size should be
scaled up accordingly, because confinement increases defor-
mation as Ca increases.*®

In our validation, we compare two geometric implementa-
tions of steady flow deformation measurements. Both geome-
tries have relatively small footprints within an overall device
design, and thus may facilitate additional in-line assays to be
implemented either upstream or downstream. Each device
design has its advantages: the “linear” device may be preferred
if very deformable droplets navigating curves in the channel
might break up; the longer channels of the “stacked” device
allow for better statistics in measuring D and v, especially at
higher flow rates.

V. Conclusion

We demonstrate high-throughput measurements of droplet
surface tension in flow using a microfluidic design that allows
for in-line measurements with minimal geometric and analytical
complexity. This accessibility is accomplished by measuring
droplet deformation in steady flow, with sufficiently high shear
rates to cause droplet deformation. Fluidic-generated droplets
flow through increasingly narrow channel widths and therefore
experience several distinct values of shear stress at a single
driving pressure or flow rate. Video analysis provides simulta-
neous measurements of droplet velocity and deformability, from
which we calculate surface tension. We validate our microfluidic
tensiometer with both pendant drop measurements and a fluidic
method that measures transient deformation in extensional
flow, as droplets exit a constriction.

Importantly, our results highlight the robustness of the
linear scaling arguments found throughout small droplet defor-
mation theories. We find that steady deformation, even using a
prefactor f= 1, provides a robust measure of surface tension in
pressure-driven flows through microfluidic channels with rec-
tangular cross-sections, even when droplet size approaches that
of the narrowest channel dimension. Measurements of surface
tension using steady deformation remain robust across a
variety of emulsion systems. This demonstration suggests that
constriction tensiometers can be reasonably incorporated into
devices with rectangular cross-sections, without requiring
cylindrical geometry or other design features to generate
extensional flow.

This journal is © The Royal Society of Chemistry 2025
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Our methods can measure surface tension within a small
region of interest within the architecture of a given chip and with
minimal analysis or computation required. This simplicity can
enable wider incorporation of tensiometry into fluidic devices
that are designed for other purposes, like performing assays for
biomedical research or creating formulations for cosmetics,
pharmaceuticals, fertilizers or other products. Especially in
formulation science, microfluidic automation is improving the
accessibility of microfluidics to a wider user base.”"””* Our device
offers high potential to be incorporated within automated plat-
forms with its ease of analysis and robust design.
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