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Abstract

Measurements of droplet phase and interfacial tension (IFT) are important
in the fields of atmospheric aerosols and emulsion science. Bulk macroscale
property measurements with similar constituents cannot capture the effect
of microscopic length scales and highly curved surfaces on the transport
characteristics and heterogeneous chemistry typical in these applications. In-
stead, microscale droplet measurements ensure properties are measured at
the relevant length scale. With recent advances in microfluidics, customized
multiphase fluid flows can be created in channels for the manipulation and
observation of microscale droplets in an enclosed setting without the need
for large and expensive control systems. In this review, we discuss the appli-
cations of different physical principles at the microscale and corresponding
microfluidic approaches for the measurement of droplet phase state, viscos-

ity, and IFT.

73



Annu. Rev. Phys. Chem. 2021.72:73-97. Downloaded from www.annualreviews.org
Access provided by University of California - San Diego on 05/28/21. For personal use only.

LLPS: liquid-liquid
phase separation

74

1. INTRODUCTION

Measurements of the physical properties of fluids are traditionally done in bulk with large sample
volumes. Recent advances in droplet generation, manipulation, and observation techniques have
extended these measurements to micrometer length scales (1, 2). This microscopic-length scale
becomes relevant in complex and multiphase fluid systems such as aerosols, emulsions, suspen-
sions, and biological fluidic mixtures, in which the measurement of bulk fluids is often not feasible
due either to the lack of substantial sample volumes or to the small characteristic length scales
governing the dynamics of the system. For example, atmospheric aerosol particles and droplets
fall into both categories: Their sample volumes are often extremely limited and their character-
istic length scales range from micrometers to nanometers (3). These chemically complex small
droplets and particles are ubiquitous in our environment and have a large effect on the climate
by moderating Earth’s albedo, both directly by solar scattering and absorption and indirectly by
forming clouds (3). Predictive modeling of these effects requires precise knowledge of the chemi-
cal and physical properties of individual aerosol particles such as their surface tension (4), viscosity
(5), and phase [including phase transitions such as ice nucleation and liquid-liquid phase separa-
tion (LLPS)] (6, 7). For accurate measurements, shrinking down bulk measurement techniques is
often necessary to observe isolated single (8) or multiple particles at the relevant length scales (9).

Microfluidic devices are a special class of liquid flow channels with micrometer length scales in
one or more directions and are usually fabricated in some transparent material for optical observa-
tion. These devices are used extensively in biomedical (10), industrial (11), and environmental (12)
monitoring applications as well as in fundamental research on multiphase systems such as emul-
sions (13, 14) and aerosols (15). The advantages of such small length scales and confined geometry
include shorter thermal and material transport length scales, which allow access to flow regimes
usually not accessible in bulk-scale experiments. Additionally, the small sample volume required,
the ease of design, and the affordable manufacturing cost of these devices make them ideal for
applications in which the sample is much rarer and more precious than the sampling equipment.

In the following sections, we review methods for measuring the phase state, viscosity, and sur-
face tension of single particles at the microscale. The review is organized by the physical principle
of droplet measurement into different sections as shown in Figure 1 with measurements per-
formed with microscale procedures and their corresponding microfluidic-based equivalent
approaches for high-throughput or multiplexed data collection. First, measurements on sessile
drops on a solid substrate are discussed, in which imaging techniques are used to measure the
phase state or viscosity of the droplets (Figure 1a). Second, force tensiometry methods in
which droplet curvature or overall distortion from circularity is used to infer surface tension and
viscosity are discussed (Figure 15). Third, droplet oscillations in which the physical properties
are calculated from the oscillation frequency and amplitude are discussed (Figure 1c). Finally, we
discuss some deflection-based methods in which external probes are used for physical property
measurements (Figure 1d).

2. MEASURING DROPLET PROPERTIES AT THE MICROSCALE
2.1. Optical-Based Microscale Methods for Phase and Viscosity Measurements

One of the simplest ways to infer the phase and viscosity of a droplet is by depositing it on a surface
and observing it over time. Optical microscopy—based methods can be performed without probes
or with microscopic particles immersed inside the droplet used as probes, both on static stages
and in microchannel devices.
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(Top row) Surface tension and phase measurement principles at the microscale including (#) imaging-based, (4) droplet curvature— or
overall shape-based, (c) drop oscillation-based, and (d) probe deflection—based methods. (Botzom row) Representative equivalent
microfluidic setups. 6, d, and b are the droplet contact angle, diameter, and height, respectively, for imaging-based methods. 71 and 7,
are the droplet radii corresponding to different upstream pressures. dmajor and dminor are the major and minor axes of a deformed
droplet as it enters a microfluidic constriction during surface/interfacial tension measurement for droplet curvature-based methods. w
refers to oscillation frequency of either the droplet or a probe in drop oscillation— and probe deflection-based methods.

2.1.1. Single droplets without immersed probes. Experiments on droplets can be conducted
in an environmental cell in which the temperature of the substrate is controlled from the bottom
and a stream of relative humidity (RH)-controlled air is flowed over the droplet. Usually the sub-
strate is coated with a hydrophobic layer to minimize the impact of the surface free energy of the
solid surface on the phase transitions of the droplet. Particle outlines as well as inner features are
monitored to determine if the droplet is completely mixed, phase separated, or effloresced (16—
18) and to explore supersaturated and supercooled states not readily accessible at the macroscale.
Using a Raman spectroscope, droplet chemistry can be probed, thus revealing additional chemical
information about particles not evident from simple optical microscopy (Figure 24,b). For exam-
ple, in efflorescence experiments, Raman spectra show that the rate of RH change (19) as well as
the actual temperature of efflorescence (20) can affect the crystal structure in sea salt aerosols and
NaCl droplets. This Raman environmental microscopy approach, which is shown in Figure 24,b,
has proved especially popular in ice nucleation studies (21-24) that evaluate the impact of soluble
or insoluble ice nucleating particles (INPs) present in an aqueous droplet on its ice nucleation
temperature.

2.1.2. Single droplets with immersed probes. Optical experiments can be augmented with
fluorescence-labeled imaging to assist in the detection of phase separation and the surface chem-
istry of droplets under different ambient conditions (25). The quantitative measurement of phase
transitions in droplets can also be expressed by changes in viscosity. For example, fluorescent
probes have been used for real-time viscosity measurements of particle decay and oxidative aging
using fluorescence lifetime imaging techniques in secondary organic aerosols (26). Another ap-
proach consists of quantification of the internal flow field of a droplet with or without an external
perturbation, thus providing a measurement of the viscosity. Particle-tracking microrheology (27)
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(@) Illustration showing an

environmental cell microscopy setup with a Raman spectroscope. (4) Spectra and photographs showing

liquid-liquid phase separation in an aqueous solution of multiple dicarboxylic acids with six carbon atoms and ammonium sulfate and

the corresponding Raman

spectra of phases at different relative humidities (RHs). The spectra shown are taken at the locations in the

droplets shown by the corresponding numbers. Panel 4 adapted from Reference 18 (CC BY-SA 3.0). (¢) Graph illustrating an example of
particle tracking for calculating diffusivity. The inset shows a representative particle trajectory over a 10 x 10 micrometer grid. Panel ¢
adapted with permission from Reference 28; copyright 2013 American Physical Society. (d) An illustration of the bead mobility
technique employed in droplets deposited on a substrate subjected to a steady stream of directed gas flow. Panel 4 adapted from
Reference 30 (CC BY-SA 3.0).
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is an example of this technique, in which fluorescent particles are dispersed in a droplet and im-
aged with a video camera (Figure 2¢). Software can be used to track each particle, and the viscosity
of the fluid (u) is estimated from the 3D Brownian motion of the particles in the Stokes regime
using the equations

kT
67 Dr,,

w= and (x’) = 6Dx, 1.
where 7, is the probe particle radius, D is the diffusivity of the particle in the droplet phase, & is
the Boltzmann constant, 7 is the temperature, and (x*) is the mean squared displacement of the
particle over observation period ¢. Figure 2¢ shows the calculated diffusivities using this technique
alongside the path taken by a single particle to determine the diffusivity of particles near a solid
surface (28). In some cases, the method has been improved with the use of an external force gradi-
ent added by using magnetic probe particles and a magnetic field (29). A bead-mobility technique
(30) has also been proposed that uses an external flow of gas to drive particles inside a droplet
using shear stresses (Figure 2d) and then tracks their motion.
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2.1.3. Droplet phase transitions using microfluidics. Microfluidics can also be used in place
of substrate-based methods, allowing the droplet’s internal mixing state to be investigated without
the need for an environmental cell. Devices for this application consist of a droplet-generation sec-
tion, flow channels, and arrays of traps. The simplest microfluidic devices are usually constructed
by imprinting or etching a rectangular cross section into an optically transparent flat substrate
and subsequently being sealed to another flat substrate. The device usually has multiple inlet and
outlet ports providing access to external tubing that connects to pumps or reservoirs for access to
fluid flow. The types of microfluidic devices and microfabrication processes (31) depend on the
geometric requirements, channel wall surface chemistry, and device mechanical properties.

For studies of droplet phase transition, poly(dimethylsiloxane) (PDMS) (32) devices offer an
advantage over other materials such as poly(methyl methacrylate), glass, or Teflon™. In addition
to being inexpensive and easy to use, PDMS is slightly permeable to water and impermeable to
most dissolved organic molecules or salts (33). The driving force for water pervaporation to or
from the trapped droplet is the osmotic pressure across the PDMS layer. This property of PDMS
precludes the need for external RH control, as the chemical potential of water in the droplet
slowly equilibrates with the RH external to the microfluidic device, starting from a saturated
state. Samples can be loaded on chips and droplets can be generated and isolated in individual
wells (Figure 3a) to allow the tracking of changes in phase over time. Experimental images of a
well-mixed aqueous solution of multiple salts and 3-methylglutaric acid crystallizing and phase
separating over the course of an experiment are shown in Figure 3¢ (34).

This single layer well design is the most widely used trap geometry (34-41). Modifications
of this simple design include additional layers for varying purposes. Multilayer designs include
ones where the well sits at a different height from the main flow channel to assist in droplet cap-
ture (42-45). The layers can also be used for providing additional paths for water exchange by
changing the chemical potential gradient experienced by the trapped droplet through the use
of multiple reservoirs (44) as shown in Figure 3d. These devices provide control over droplet
dehydration/rehydration as well as the corresponding rates as shown in Figure 3e. Devices with
droplets coated in oil but without a PDMS layer have also been used (46, 47). Microevaporation-
based approaches with a single initial phase of liquid without a carrier phase by precise pumping
to control the evaporation rate have also been used (48, 49). Flow-through approaches are also
common where either droplets (50) or slugs of liquid (51-53) change phase rapidly while moving
in a channel due to the thermodynamic conditions of the system. Other studies have employed
co-flow-based systems in which the position of the interface determines the phase equilibrium
(54, 55). An innovative device design utilized a 2D array of cells with temperature and pressure
gradients to visualize the thermodynamic phase diagram in the two-phase region (56, 57). Massive
arrays of droplets have also been used to gather statistically significant data in a short amount of
time (44, 58, 59). These devices have been used in the past to study protein crystallization kinetics
(60), protein phase separation (52), polymer and salt phase boundary exploration (44), salt crystal-
lization kinetics (48), ice nucleation temperature determination (47, 59) and atmospheric aerosol
liquid-liquid phase separation and efflorescence (34, 40). However, while these approaches pro-
vide an estimation of the droplet phase state in a multicomponent system, there is another class of
microfluidic devices discussed later which are used for measuring viscosity, used in aerosol science
as a proxy of the phase (sometimes binned into “solid,” “semisolid,” and “liquid” categories).

Finally, the field of digital microfluidics (61, 62) can also be used to manipulate droplets
in a controlled manner, often with electric or magnetic fields. Already, digital microfluidics is
widely used for mixing, chemical analysis, and biological assays; however, it can also be adapted
to probe droplet physical properties. Individual droplets are moved on a substrate using the
magneto- or electrowetting on dielectric (EWOD) principle in a device with a two-plate or

www.annualreviews.org o Droplet Measurements in Microfluidics

PDMS:
poly(dimethylsiloxane)

EWOD:
electrowetting on
dielectric

77



Annu. Rev. Phys. Chem. 2021.72:73-97. Downloaded from www.annualreviews.org
Access provided by University of California - San Diego on 05/28/21. For personal use only.

a Channel height 85-90 um C
Saturated

First crystal ——— Growth of the crystal ——>| Dehydration

3MGA crystal

I Width 200 um First LLPS

Well
\/iameter
450 pm

Restriction +

40 pm
. 50 ym
Fluid flow path
Droplets in well Saturated  First LLPS  First crystal |«—— Second LLPS —>|Dehydration
roplets in wells well mixed 3MGAcrystal [ =
Needle a
o
o
@2,
5
PDMS device Q
~——Glass slide — :QU
50 pm
b Saturated  Firstcrystal Growth of | First LLPS | Dehydration
AIR crystal 3MGA crystal
A water 4 |
Thick ! pervaporation ! 2000/
PDMS
Well‘|: L Aqueous drop JOiI 90 um
‘ Glass —————————————— 50 pm
Decreasing RH
d e = PEG 335k
AR 4 Ammonium squate
A A 7 = 60 e — T T T c T
0 | < Polymer 210 | 1 © 02F
! ! 5,000 3 50r 1 > S w5 [
Thick g e PEOHM 2 0t 4 &t 4% {8 F o]
PDMS ! pervaporation ! 2 a A - s E " et ou PR
! ! - 2 30 1 8 ol %) EBOIN ;.‘ Py
Well*H ( Aqueous drop )Oil‘ 40 um g 20 + 1 € 5 e ®od g §_ o LT
10 Fsalt 1 T2} 18 L R
PDMS membrane Water exchange 2 — ! = R B op ., .ty
|_| | 15me|_| 0 15 ?0 45 60 75 30 60 90 120150 40 80 120 160
| Time (s) Well number Well number
’ Reservoir Glass ‘ )
Light blue

. R
\/—a@sfljﬁ\%w‘ ettt n e

Flow =—> Reservoir —>» Wells =——————> Dark blue
channel (PDMS posts)

2mm

Figure 3

(@) A schematic showing (top) a microfluidic static well used for trapping and studying single droplets during dehydration and (bottorz)
the droplet loading process in a multiwell device. () A cross-sectional schematic of the microfluidic device showing the trapped droplet
and water pervaporation path. () Photographs of phase transitions observed in droplets with 3MGA, NaCl, and MgCl, under
constantly reducing RH shown for different OIRs. Panels , #, and ¢ adapted with permission from Reference 34; copyright 2019
American Chemical Society. (d) A cross-sectional schematic of a multistep microfluidic device for external control of the drying rates of
droplets. The primary thick PDMS layer on the top contains the droplet wells and a secondary thinner PDMS membrane layer on the
bottom contains reservoirs for water exchange with the wells. (¢) Graphs showing the creation and storage of a population of droplets
containing a polymer (PEG 3.35k) and ammonium sulfate as well as solute concentration measurements using the color intensity of
droplets labeled with a blue dye. (Left) Droplet formation by co-flowing PEG and ammonium sulfate solutions in alternate pulses.
(Middle) Light transmittance of stored droplets in different wells on the same microfluidic chip. (Right) Concentration of the phases in
droplets stored in different wells. (Bottom) Photograph showing solution droplets trapped in wells and a large water-exchange reservoir
underneath supported by PDMS posts. Panels d and e adapted with permission from Reference 44; copyright 2007 American Chemical
Society. Abbreviations: 3MGA, 3-methylglutaric acid; LLPS, liquid-liquid phase separation; OIR, organic-to-inorganic ratio; PDMS,
poly(dimethylsiloxane); PEG, polyethylene glycol; RH, relative humidity.
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Schematic illustrations of digital microfluidic devices based on the electrowetting on dielectric (EWOD) principle. (#) One-plate or
open-ended EWOD devices can be used for transporting droplets with the coordinated activation of electrodes. The droplet sits on a
hydrophobic coated dielectric substrate with the electrodes embedded inside. () Two-plate or closed devices can also be used for this
purpose. However, observation of droplet motion is more difficult in closed devices. Changes in pressure in both sides of the droplet
can be used as an indicator of droplet meniscus motion, as described in Reference 64.

open-ended configuration (Figure 4). The substrate is usually coated in a precise pattern of
thin-film electrodes that are used to generate the attractive or repulsive forces for the droplets.
Viscosity (63, 64) and interfacial tension (IFT) (65) between two liquid phases have been mea-
sured in these devices. Trols et al. (64) used a two-plate device to study the meniscus motion of
a droplet under electrowetting forces. Electrodes in the substrate were used to pull the droplet
meniscus combined with pressure sensors on either end to detect the meniscus displacement.
When calibrated with liquids of known viscosity, microliter-sized test droplet viscosities could be
measured. Digital microfluidics can also be applied to study droplet evaporation rates (66) or to
prepare phase-separated droplets for further study (67).

2.1.4. Freezing and ice nucleation measurements using microfluidics. Many of the mea-
surements discussed in the previous section are performed at room temperature. However, tem-
perature control can be readily incorporated using environmental chambers or on-chip controls.
For atmospheric aerosols, understanding the ice nucleation temperatures of particles is of key im-
portance for climate modeling. Two characteristics of INP studies are the collection of a large
quantity of droplet data and the precise knowledge of ice nucleation temperature. Conventional
ice nucleation measurements include continuous flow diffusion chambers (68), cloud expansion
chambers (69), ice spectrometers (70), environmental cell Raman microscopes (20), and droplets
on substrate methods ranging from droplet volumes of picoliters (71) to microliters (72), as men-
tioned in Section 2.1.1. While these methods have shown the feasibility of the measurements,
microfluidics offers the unique advantages of potentially high-throughput, contactless measure-
ments and simpler devices, thus enabling more accurate and repeatable data collection.
Microfluidic devices for studying INPs use two distinct approaches: static and flow-through.

. . . . . . IFT: interfacial
The two approaches differ in how droplet generation and freezing are performed. In a static device,

tension
a microfluidic monodispersed droplet generator can be used, as described by Riechers et al. (73)

and Tarn et al. (74), to collect droplets in a microcentrifuge tube before placing the droplets in
a monolayer on a cold plate for a temperature sweep. Figure 52 shows the droplet generation
and storage as well as the droplet freezing and the ice nucleation temperature measurement of
ultrapure water in this type of setup. Another static INP device used by Brubaker et al. (59) is
similar to the microfluidic phase-separation studies described in Section 2.1.3. In such a device, a
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(@) Schematic and photographs showing ice nucleation in a static device. (7op) Droplet generation in a microfluidic chip and collection
in a microcentrifuge tube; (middle) droplet freezing experiments for a monolayer of ultrapure water droplets on a cold stage showing all
liquid drops in bright color; and (bottor) liquid and frozen drops, the latter indicated by bright drops with a dark center. Panel # adapted
from Reference 74 (CC BY-SA 4.0). (b) Illustration showing a flow-through device for high-throughput ice nucleating particle
detection. (7op) A device schematic showing the microfluidic droplet-generation region, the flow channel, and the multiple cold zones
and (bottom) a graph of an ice nucleation temperature spectrum for silver iodide nanoparticles in water. The inset shows a scanning
electron microscope image of the nanoparticles after synthesis. Panel 4 adapted with permission from Reference 75; copyright 2009
The Royal Society of Chemistry.
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large array of static traps is used to generate the droplets on-chip and then the trapped droplets
are frozen in place. In both cases, the onset of freezing is detected using a change in droplet optical
intensity as the ice crystals start to grow.

In the flow-through approach for generating large data sets in a quick amount of time, which
has been used by Stan et al. (75), droplets were generated on-chip and flown through a channel
before being extracted at the chip outlet. The researchers used a highly tunable temperature gra-
dient along the flow channel length. As a result, the droplets experienced a specific cooling rate
while flowing through the channel before freezing at any given point. The freezing location could
be correlated to the freezing temperature due to the aforementioned temperature gradient. In this
case, on-chip thin film platinum resistive temperature sensors were also used to ensure that the
measured temperature was highly accurate and specific to the location being measured. Figure 55
shows the microfluidic channel and the cold stage for this measurement. This device was used for
measuring the ice nucleation temperature of pure water (homogeneous ice nucleation) and silver
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iodide (heterogeneous immersion—mode ice nucleation) (Figure 5b) and comparing the results
with other methods (75).

2.2. Droplet Curvature— or Shape Deformation-Based Interfacial
Tension Measurement

Surface (liquid—vapor) or interfacial (liquid-liquid) tension of a droplet can be measured directly
or indirectly by combining measures of droplet shape or curvature with local equilibrium force
or energy balances. This is the most widely used family of methods for measurement of IFT in
pure (or so-called neat) systems as well as systems with surface-active species such as surfactants.
Microscale and microfluidic methods for studying curvature-dependent thermodynamic equilib-
rium properties and dynamic surface adsorption kinetics of both neat and complex interfaces are
described in this section.

2.2.1. Pressure-based tensiometry (pressure—capillary). The most common of these shape-

based methods utilizes excess capillary pressure created by a curved surface or interface to measure
IFT, using the well-known Young-Laplace equation (76) to calculate the pressure difference AP

1 1
AP:y(——l——), 2.
8] 72

where 7y and 7, are the radii of curvature of the interface in two perpendicular directions and y

across the interface,

is the IFT. Due to the IFT, the pressure is higher on the inside of a curved interface than it is on
the outside, and that pressure difference can be measured using pressure probes on either side of
the interface.

One of the simplest applications of this principle is used in maximum bubble pressure-based
tensiometers (77, 78), which are widely available as commercial instruments. Usually a highly ac-
curate pressure sensor is required for this type of measurement. The maximum pressure to create a
gas bubble in a liquid from a capillary is correlated with the capillary diameter to calculate the IFT.
Variations of this method include capillary rise in a tube and drop volume or weight measurement.
Both methods use the Young-Laplace pressure force balanced with gravitational force to measure
the IFT; setups for these methods are widely available commercially as well. Microtensiometry
with bubble pressure-based tensiometers has also been developed (79), as shown in Figure 6a.
This is similar to the maximum bubble pressure method except that the droplet curvature is as-
sessed with the pressure. Another method using micropipettes to image the interface curvature
internal to a glass capillary under a known pressure difference has also found wide use (80).

Microfluidic devices have also been designed to measure IFT using this principle. Because
the microchannels are commonly made from PDMS and glass, the contact angles and hence the
radii of curvature from Equation 2 are also affected by the wettability of these materials. Tapered
channels were used in a study (81) (Figure 6b) that correlated the radii of the curvature in the hor-
izontal (viewing) plane, 71, and vertical (cross-sectional) plane, 7+, of the interface to the location
of the interface along the tapered channel using the formula

AP:y(l_’_%)zy(—ZCOSQ_'_ —2cos( — a) >’ 3

h v h Win + 2xtana

where 6 is the average contact angle with the top and bottom of the channel, 4 is the height of
the channel (constant everywhere), Wy, is the minimum width of the tapered channel, x is the
distance of the interface from the opening, and « is the half-taper angle. With the axial location
of the interface identified, the IFT can be determined using Equation 3. However, this method
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(@) Schematic showing a microtensiometer using a glass capillary for droplet generation (see photograph) and an imaging system to
track droplet curvature as a function of pressure. Panel # adapted with permission from Reference 79; copyright 2010 American
Chemical Society. (#) A photograph showing a tapered microfluidic channel using the Young-Laplace principle to measure interfacial
tension. P refers to pressure and the subscripts “0,” “w,” “loc,” and “}” refer to oil, water, local, and junction, respectively. Panel & adapted
with permission from Reference 81; copyright 2011 Elsevier Science. () An illustration of a two-channel device that eliminates the
need for a precise pressure measurement, as the pressure difference between points A and B can be calculated from the difference
between the static pressure heads of the reservoirs. This can be done by adjusting the reservoir heights until the interfaces line up at the
same location in the two tapered channels. Panel ¢ adapted with permission from Reference 82; copyright 2013 AIP Publishing.
Abbreviation: PDMS, poly(dimethylsiloxane).

still requires the precise measurement of pressure using external sensors to calculate the IFT
accurately. Another study (82) eliminated this requirement with a pair of tapered microfluidic
channels (Figure 6¢) in which the pressure difference measurement can be made in two steps:
first, by adjusting the equilibrating static pressure head of the two channels and measuring the
curvature of the interfaces located at different positions inside the taper, and second, by comparing
the water column height difference between the channels when the interfaces are brought to the
same location in the taper. There are a number of other microfluidic applications of the Young-
Laplace equation for IFT measurements, including droplet generation from an array of micro-
pores (83), from a micropipette inside a microfluidic channel (84), and from a single capillary tube
inside a microfluidic channel (85).

2.2.2. Spinning drop tensiometry (inertia—capillary). While straightforward, Young-
Laplace-based measurements that relate pressure drop to the radius of curvature become chal-
lenging at the limit of ultralow IFT (<1 mN/m) or high Bond number (Bo, equal to the ratio of
gravitational to capillary forces), which are typically encountered in the areas of petroleum re-
fining, surfactant-laden emulsion systems, and biolipid interfaces. The limitation arises from the
accuracy of the pressure measurement or the curvature determination of droplets at low IFT. In-
stead, another force such as inertia can be balanced with capillary forces. An example is spinning
drop tensiometry, in which a liquid drop or bubble suspended in another liquid is spun around
at a high angular velocity inside a capillary tube and the resulting ellipsoid- or cylinder-shaped
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droplet is imaged. The IFT is then given by the equation (86)
1
y = erApa)z R 4.
where Ap is the density difference between the droplet and the continuous phase, 74 is the dis-

torted droplet radius, and w is the angular velocity. This method can determine IFT down to 1076
mN/m.

2.2.3. Droplet shape-based tensiometry (gravity—capillary). While not typically thought of
as a microscale measurement, it is worth briefly mentioning the well-known pendant drop method,
which uses droplet shape analysis to get curvature data to infer the IFT (87). In this method, a drop
suspended from a capillary distorts from its usual perfectly spherical shape due to the combined
effect of gravity pulling on the droplet and the IFT trying to restore the equilibrium spherical
shape. Likewise, sessile drop shape analysis can be performed by placing the droplet on a substrate
and measuring the contact angles (Figure 14). Pendant drop measurements can be taken down to
droplet sizes of ~0.2 mm (88). No pressure measurement across the droplet interface is required,
and consequently shape-based methods have found wide use in droplet microfluidic approaches
for tensiometry (with deforming forces from flow instead of gravity), which are discussed next.

2.2.4. Droplet-generation tensiometry using microfluidics. Droplet generation (89) itself
can be used as the basis of IF'T measurement. Usually, two immiscible fluids are required, the
dispersed phase and the continuous phase. They flow into the device through different inlets and
meet at certain junctions where droplets and bubbles pinch off from the dispersed phase due to the
enhanced interfacial stabilities from the local flow field deforming the interface. Typical designs
of the junctions include T-junction, co-flowing, and flow-focusing geometries (90), as shown in
Figure 7a—c.

Nguyen et al. (91) measured the surface tension of aqueous solutions with varying concentra-
tions of the ionic surfactant cetyl trimethyl ammonium bromide by introducing an optical sensor
downstream of a T-junction (Figure 74) to detect the bubble-generation frequency. The varying
laser intensity due to the generated air bubbles was recorded as pulses indicating the bubble-
generation frequency. With assumptions such as steady flow; negligible inertia, momentum, and
buoyancy force; and Marangoni effect, a relationship between formation frequency and surface
tension was proposed based on the force balance of tension and drag force,

3
_ 3aWlipluct
16(C.W,/Cp)}y?

where f is bubble-formation frequency; « is the flow rate ratio of air to continuous phase; IV,

) 5.

is the diameter of the continuous phase channel; p. is the density of continuous phase; % is the
average velocity of the continuous phase; C; and Cpy are coefficients for the surface tension and
drag forces, respectively; and I is the diameter of the dispersed phase channel.

Xu et al. (92) likewise developed a tensiometer in a coaxial microfluidic device (Figure 7b) to
measure the IFT of water phase dispersed into oil phase. Here, the force balance in the droplet-
dripping regime between the viscous force and tension force was established to calculate the IFT
using the equation

_ k(@ —ug)pcd’
- o

where kp is a geometrical coefficient; %y is the average velocity of the droplet; u. is the dynamic

6.

viscosity of the continuous phase; d is the droplet diameter; and I, is the inner or outer diameter
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Figure 7

Illustrations of three common designs to generate droplets and bubbles: (#) T-junction, () co-flowing, and (c) flow-focusing geometry.
W represents the width of a rectangular channel in panels # and ¢ and the diameter of a circular channel in panel 4. The subscripts “d”
and “c” represent dispersed and continuous phase, respectively. 4 and #4 refer to the diameter and velocity, respectively, of the generated
droplet or bubble. (d) A 3D representation of an unconfined droplet or bubble, which is spherical. (¢) A 3D representation of a confined
droplet or bubble, which is pancake shaped. In panels d and e, » represents the height of the channels. The insets in panels 4 and e show
the relative dimensions and shapes of the channels and the droplet or bubble.
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of the microcapillary, depending on the wetting of the channel. Both methods have the advantage
of being able to be performed with high throughput, but it would be challenging to apply them
to dynamic surfactant-laden interfaces with both time-dependent and curvature-dependent IFT.

2.2.5. Droplet and bubble deformation in flow using microfluidics. Microfluidic droplet
deformation—based methods use changes in droplet shape induced by changes in channel geom-
etry to determine both the dynamic and equilibrium IFT of micrometer-sized droplets. Here, a
dimensionless deformation 4 is defined as

7 dmajor - dminor
= Gmaior = Gminor 7.
dmajor + dminor

where dinyjor and dininor are defined as in Figure 1b. Droplets and bubbles with diameters less than
the height of the microfluidic channel are said to be unconfined (Figure 7d,e), with fully uncon-
fined droplets having diameters less than 70% of the channel height. Following the analytical
solutions of the Stokes equation for the velocity and pressure fields by Lamb (93), Taylor (94, 95)
derived a theoretical solution to the equilibrium deformation of unconfined droplets and bubbles
assuming small deformation, no slip at the droplet interface, and continuity of tangential stress.
Experimental data on droplet deformation in extensional flow using a four-mill apparatus revealed
that droplet deformation increases linearly with capillary number, defined as Cz = 2u.Gry/o for
small deformation, with G = % being the extensional rate and 7y the radius of the undeformed
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droplet (94). The linear relationship is given by

1914 + 1644

| = 11 fi .
d 600 1 1611, Ca (fully unconfined), 8
where j4 and p. are the viscosities of the dispersed and continuous phases, respectively.

When the droplet diameter exceeds the height of the channel (Figure 7e,f), it tends to form

a pancake shape. The equilibrium deformation theory for this case has been derived from Hele-
Shaw flow (96, 97), found in the fully confined limit in which the projected droplet diameter is
greater than four times the channel height. The steady-state deformation of a droplet is equal to
Ca for low values of Ca, i.e.,

- 4McG7”(3)

d=Ca= o (fully confined). 9.

Here 7y represents the projected radius of the undeformed pancake-shaped droplet, which can
be approximated by the geometric mean of the long and short axes of the projected ellipse shape
when the droplet deforms. This fully confined deformation-based analysis has been applied to
a diamond-shaped cross-slot geometry (Figure 84) in a diluted bitumen-water emulsion sys-
tem (96) and in an SDS (sodium dodecyl sulfate) water-Span® 80 mineral oil system (97). Using
Equation 9, the slope of the line shown in Figure 8¢ yields the IFT.

Besides the methods based on equilibrium deformation, an array of channel contractions and
expansions placed in series has been used for measuring IFT considering dynamic deformation.
Rallison (98) derived a theoretical solution for transient droplet deformation in plane hyperbolic
flow for small Ca. A linear approximation was used because the distortion is constrained by high
IFT. Later, Hudson and coworkers (99, 100) used this derivation in microfluidic channels, as shown
in Figure 8b, to measure IFT in droplets and bubbles. In this approach, the net deforming stress
on the droplet is balanced by the interfacial or surface tension per unit length. A similar ten-
siometer design was used to measure the static IF'T of aqueous aerosol mimics (4, 101), as shown
in Figure 84 (a Taylor-Hudson plot), and secondary organic aerosols (102) in a continuous phase
of oil. This approach has also been applied to unconfined droplets in both water-in-fuel (13) and
oil-in-water systems (14) to find the time-dependent change in IFT due to surfactant transport
to the interface. For both systems, the drop in IFT was found to occur at least an order of mag-
nitude faster for the microscale droplets than that for the macroscale pendant drops. As with the
phase measurements described in Section 2.1.4., this microfluidic approach has been extended to
measure temperature-dependent IFT using on-chip heaters and sensors (103). The temperature
was varied from 22°C to 70°C to study the variation in IFT with temperature for air bubbles in
glycerol and glycerol-water mixtures in silicone and mineral oils. An ongoing challenge with this
approach is the handling of deformations of confined droplets. Analytical solutions of the forces
acting on the droplet or calibrations relating dynamic deformation to confinement are needed for
accurate IF'T measurement in confined droplets. Existing studies on equilibrium deformation of
confined droplets (96, 97) and droplet deformation with confined channels (104, 105) could be
beneficial in that regard.

2.2.6. Viscosity measurement using microfluidics: a prerequisite to microfluidic tensiom-
etry. Microfluidic tensiometry requires prerequisite knowledge of the viscosity of the droplet
phase. While bulk viscometry is a viable option in most applications, due to the submilliliter
sample size in aerosol science, microfluidic measurement of viscosity is preferable. The most
common type of device uses the pressure drop reading across a channel of known dimensions
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Figure 8

Droplet manipulation in microfluidic tensiometers. (#) Schematic of a diamond-shaped extensional flow device with a confined droplet.
W represents the width of the rectangular channels and the subscripts “in” and “out” represent the width of the inlet and outlet
branches, respectively. () Schematic of a contraction geometry with unconfined droplets or bubbles flowing through it. The subscripts
“wide” and “narrow” refer to the wide and narrow channels, respectively. Gray arrows in panels # and b represent the flow direction of
the carrier fluid. (¢) Graph of interfacial tension (IFT) measurement based on the equilibrium deformation of confined water droplets
with different heights in mineral oil. The y axis represents the product of nondimensional equilibrium deformation 4 and the TFT and
the x axis represents d. Hence the slope of the line is the IFT. The parameter 4 is equal to half of the channel height. Panel ¢ adapted
with permission from Reference 96; copyright 2019 American Chemical Society. (d) Graph showing the interfacial/surface tension
measurement based on the dynamic deformation of unconfined droplets or bubbles with different phases, including 3.1 M ammonium
sulfate (AS), water, air, and 0.4 M methylglyoxal (MG). The y axis represents the difference between the deforming force per unit area
from extensional flow and the material change in deformation; the x axis represents the nondimensional deformation normalized by the
droplet nominal diameter 7. Once again, the slope of this line is the numerical value of the interfacial/surface tension. Panel 4 adapted
with permission from Reference 101; copyright 2016 American Chemical Society.

with a modified form of the well-known Hagen-Poiseuille equation for a rectangular channel (1),

2
_WbAP( Wh ) L0,

T6QL \W +h

MEMS: microelec- . .
where AP is the pressure difference measured for flow rate Q across a rectangular channel of

tromechanical
system length L, width 17, and height 4. Flow rate is usually controlled in these devices by external pumps,

while the pressure difference is measured using either commercially available external pressure
sensors (106-108) or on-chip embedded microelectromechanical system (MEMS)-based capaci-
tive (109, 110), piezoelectric (111, 112) or electrofluidic (113, 114) sensors. An example is shown in
Figure 9a.
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(a, top) Schematic of a pressure-based microfluidic viscometer for measuring the shear viscosity of continuously flowing fluids using
pressure drop in a straight channel of fixed length and cross section. Here, two external pressure sensors are connected across a channel
at locations P; and P;. The arrows denote the flow direction. (Bottomz) Graphs of the results showing shear viscosity as a function of
shear rate for Newtonian (glycerol-water mixture) and non-Newtonian [methylcellulose (MC) and NaCl mixture] fluids. Panel #
adapted with permission from Reference 106; copyright 2020 The Royal Society of Chemistry. (5) Schematic showing a droplet
length—based microfluidic viscometer using two-phase flow. The space between two droplets is filled with the carrier phase fluid. L; is
the spacing between two droplets and Lq is the droplet or slug length. () Photographs showing that the length of the generated
aqueous-phase droplet/slug provides a measure of its viscosity. The numbers in the photographs represent the viscosity of the
droplet/slug phase. Panels # and ¢ reproduced with permission from Reference 124; copyright 2017 American Chemical Society.

The variables measured in this type of viscometers are flow rate and pressure drop. Either ex-
ternal flow meters (115), flow front propagation rate inside the microchannel (116), or embedded
MEMS-based flow sensors (117, 118) are used for measuring the flow rate. However, simpler de-
vices have also been used that allow flow rates of a test fluid to be compared with a fluid of known
viscosity (119, 120). In addition, capillary viscometers have been developed that allow the balance
between viscous and capillary forces to be used to calculate the viscosity of a fluid with known
surface tension (121).

Droplet-based techniques have also been used to measure viscosity in microfluidic devices.
The relative viscosity of phases in a device controls the capillary number and hence the droplet-
generation regime. Examples include measurement of droplet or fluid plug size (Figure 9¢) and
generation frequency at different flow regimes (122, 123) as well as determination of plug velocity
and spacing between plugs in multiphase flows (124). For a comprehensive review of microfluidic
viscometers, refer to Gupta et al. (125).

2.3. Drop Oscillation-Based Measurements: Microscale Methods and Potential
for Microfluidics

Droplet-shape oscillation dynamics (Figure 1c) are governed by a droplet’s physical properties,
including its surface tension and viscosity. Rayleigh (126) first described the eigenfrequency of
oscillation for an incompressible, inviscid, free-oscillating droplet in air by solving the governing
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shape equation of an infinite series of orthogonal surface harmonics as

n(n— 1)(n+2)y
Oy = ————"—5—", 11.
Py
where # is the oscillation mode, p is the density, and 7y is the initial undisturbed radius of the
droplet. Lamb (93) expanded this solution to include viscous damping internal to the droplet and
derived the damping time period 7 as
pr
T_/L(n—l)(Zn—i—l)' 12.
Both the surface tension and the viscosity of the droplet can be calculated when the frequency
and decay time period are measured. There are several approaches and modifications to this
method and corresponding governing equations in different regimes (127, 128). An excellent the-
oretical treatment was given by Miller & Scriven (129), who described interfacial small amplitude
oscillations in multiple combinations of high and low fluid viscosities for the droplet and sur-
rounding phases. Depending on the type of perturbation, these methods can be broadly classified
into noncoalescing and coalescing.

2.3.1. Noncoalescing methods. The simplest way to trigger droplet oscillation is by gravity-
or inertia-driven free motion. The droplet is ejected from an orifice with an initial velocity or
is allowed to free fall. A train of droplets is imaged immediately following droplet generation.
This method is usually applicable in the regime of Bo <1 in which droplet shape is governed
by capillary forces rather than by gravitational forces. Early studies showed the viability of this
method with Newtonian fluids and stroboscopic light sources (130-132). Recently, high-speed
cameras have enabled videos of single picoliter droplets to be captured at up to 20,000 frames per
second without the need for a stroboscopic light source (133). In principle, these oscillation-based
methods could be used in microfluidic channels (e.g., Figure 1¢) in which trapped droplets can be
perturbed and oscillated in the underdamped regime used to determine IFT or viscosity. A similar
approach was recently used for investigating droplet shape relaxation in the overdamped regime
(134). In addition, digital microfluidics—based EWOD devices have been used to trigger droplet
oscillations using alternating current in which the resonant frequency is set by a balance between
droplet inertia, surface tension, friction along the contact line, and droplet internal viscous forces.
These oscillations have been used to measure both the viscosity (135) and surface tension (136) of
droplets (Figure 10a).

2.3.2. Coalescing methods. Droplets can also be perturbed by coalescence with another
droplet. These methods are more suitable for instruments in which the droplet-generation re-
gion cannot be easily observed or when there are no suitable probes to perturb the droplet when
it is inside the observation zone. The simplest of the coalescing methods uses a pair of droplet
generators facing each other with the droplets colliding in the field of view of a camera (137).
However, this method requires very high droplet velocities (~10 mm/s) to mitigate the verti-
cal descent due to gravity. These high shear rates result in large amplitude oscillations and cause
measurement errors in high viscosity or non-Newtonian liquids.

To enable smaller oscillation amplitudes and to observe the chemical properties of the droplet
prior or subsequent to coalescence as pertinent to aerosol studies, trapping methods such as holo-
graphic optical tweezers (138, 139) are used. In these methods, highly focused laser beams are used
to trap and manipulate picoliter-sized droplets (Figure 105), and the oscillations can be observed
using cameras or photodiodes. Miles et al. (140) recently used a combination of the coalescing
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Figure 10

(@) Schematic illustration of a digital microfluidics—based droplet oscillation tensiometer and representative results. (7op) The electrode
is capped with a dielectric layer of silicon nitride (SiN,) and hydrophobic layer of CYTOP™, which is a commercial fluoropolymer
coating. A4 refers to area and the subscripts “os,” “cs,” and “hole” refer to droplet wetted, conducting liquid wetted, and electrode hole,
respectively. The electrode hole pins the droplet at the center of the electrode during electrowetting. 0y is the contact angle of the
droplet; 7 is the radius of the curved droplet/conducting liquid interface. (Middle) The droplet area and contact angle change with
applied voltage, shown in the top left of each droplet photograph. (Bottornz) Graph showing how the IFT of an n-decane droplet laden
with the surfactant Tween® 80 immersed in an Na;SO4 solution changes with time. The droplet shape was estimated both optically
and using the electrode capacitance. This change in shape was used to calculate the IFT of a sessile oil droplet in water. Panel # adapted
with permission from Reference 136; copyright 2014 AIP Publishing. (4, top) Illustrations of droplet oscillations created with both
noncoalescing and coalescing methods in an optical tweezer. (Bottorz) Graph of surface tension values compared for both methods as a
function of solute concentration in the droplet. Mass ratios of different systems of NaCl and glutaric acid are indicated next to the
curves. Closed symbols represent droplet dispenser readings, open symbols represent optical tweezer readings, and solid lines represent
model predictions. Panel # adapted with permission from Reference 140; copyright 2019 American Chemical Society. Abbreviations:
IFT, interfacial tension; PDMS, poly(dimethylsiloxane).

and noncoalescing oscillation methods and showed that these methods are equivalent for aerosol
systems (Figure 105). In addition, an electrodynamic balance has been adapted for the simulta-
neous trapping of two droplets for coalescence (141). Microfluidic devices that incorporate optical
tweezers to trap solid particles immersed in test fluid have been developed (142, 143); however,
these methods use the motion of the particles inside the fluid to measure viscosity rather than
the oscillation of the fluid itself. Additionally, coalescence-based methods have also been used for
observing the surface rheological properties of surfactant-laden systems at both micro and macro
scales (144, 145).
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Figure 11

(a, top) Photograph of a microelectromechanical system (MEMS) cantilever for measuring viscosity using
change in resonant frequency when immersed in different samples. The aluminum coil (A), Wheatstone
bridge (B), resistive thermometer (C), and wire bond pads (D) for the cantilever are indicated by lines. Panel #
top adapted with permission from Reference 147; copyright 2006 American Chemical Society. (Bottonz)
Graph showing measured viscosities of two different samples at different temperatures using the device.
Panel 2 bottom, data from Reference 147. (4, top) Scanning electron micrograph showing a plan view of a
silicon on insulator MEMS cantilever for measuring the viscosity of flowing fluid. The bright areas show the
silicon and the dark regions show voids for the flow channels. The thin bright line inside the two dark
regions in the center is the actual double-clamped cantilever beam. The inset shows a low-angle magnified
view of the beam suspended in a 200-pm-wide channel. The different layers are the layers of the silicon on
the insulator wafer. (Botrom) Illustrations showing beam dimensions and deflected shape for the
double-clamped beam; the beam has a length (L) of 1.5, 2, 3, or 5 mm, a width (») of 30 or 50 um, and a
thickness () of 20 pm. The red axes show the directions of the current flow (J), magnetic field (B), and the
resulting Lorentz force (F), which deflects the beam along the fluid flow direction. Panel 4 adapted with
permission from Reference 148; copyright 2007 Elsevier Science.

2.4. Deflection-Based Methods: Microscale Methods and the Potential
for Microfluidics

Methods in which deflection and vibration of an external probe provide a measure of viscosity and
surface tension (Figure 1d) could also be applied to microfluidic devices. An excellent example
of this is provided by MEMS devices, which are fabricated with microfabrication techniques and
used as sensors and actuators in micro- to nanoscale systems (146) such as inkjet printing and
telecommunication and biomedical devices. The resonant frequencies of immersed cantilever-
type MEMS devices are used to measure the viscosity of the surrounding fluid with a cantilever
strain gauge (147, 148) (Figure 114) or a suspended oscillating plate (149) configuration. A novel
cantilever array configuration with measurement of static deflection has also been used to measure
the surface tension of water in a limited capacity (150). MEMS-based sensors have also been inte-
grated into microfluidic devices (Figure 115) for continuous monitoring of fluid viscosity in a flow
channel (148). Quartz crystal microbalances (QCMs) are a similar class of devices that measure
changes in the resonating frequency of a quartz crystal due to changes in mass and are commonly
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used in the semiconductor industry to monitor thin-film deposition at rates as small as 1 ng/cm?.
QCMs have been used to monitor water uptake and phase change of dry deposited aerosols under
changing RH conditions (151, 152). Finally, force microscopy methods including atomic force
microscopy, the poke-flow technique, and other indentation-based methods have also been used
to study the phase state and surface tension of aerosol particles and thin films at nanometer to
micrometer length scales. For details about these methods, see the reviews by Lee & Tivanski (9)
and Reid et al. (5).

3. CONCLUSIONS

Aerosols, emulsions, suspensions, and biological fluids are complex multiphase systems with dy-
namic properties often dependent on the length scale of the dispersed phase. Microscale tech-
niques for quantitative physical and chemical characterization are required to measure time- or
curvature-dependent properties. We have reviewed a number of important microscale methods for
measuring properties such as viscosity, IFT, and phase transitions of the dispersed phase droplet,
including both static and microfluidic approaches. In particular, microfluidic approaches offer the
advantages of high throughput with small sample volumes and tunable droplet sizes. As the field
of microfluidics advances, existing microfluidic phase measurements are being further augmented
with chemical characterization techniques such as Raman spectroscopy, Fourier transform in-
frared spectroscopy, and mass spectroscopy as well as advanced measurements using on-chip tem-
perature or pressure sensors or multilayered designs. We can expect these techniques to become
more affordable, robust, and able to harvest a wider range of data from smaller samples with easier
operation as microfabrication techniques and imaging technologies improve, leading to tremen-
dous improvements in field deployment for remote data collection and fundamental research in
applications ranging from aerosol science to liquid separation.
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