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Droplet shape relaxation in a four-channel microfluidic hydrodynamic trap
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Two-phase liquid-liquid systems are prevalent in a range of commercial and environ-
mental applications. Understanding the behavior of liquid-liquid systems under various
processing conditions requires the study of droplet dynamics under precisely controlled
flow fields. Here we trap and control the position of droplets in a microfluidic trap to
study their dynamics using hydrodynamic forces alone without an external field. The
hydrodynamic trap is adapted from a previously implemented “Stokes trap” by incorpo-
rating a drop-on-demand system to generate droplets at a T-junction geometry on the same
microfluidic chip. Using the hydrodynamic trap, confined droplet dynamics in response
to perturbation are studied by applying a millisecond-pressure pulse to deform trapped
droplets. Droplet shape relaxation after cessation of the pressure pulse follows an expo-
nential decay. The characteristic droplet shape relaxation time is obtained from the shape
decay curves, for aqueous glycerol droplets of varying viscosities in the dispersed phase
with light and heavy mineral oils in the continuous phase. Systems were chosen to provide
similar equilibrium interfacial tensions (5–10 mN/m) with wide variations of viscosity
ratios. It is found that the droplet shape relaxation in the moderately confined regime shows
a strong dependence on droplet radius, and a weaker dependence on the ratio of dispersed to
continuous phase viscosity. An empirical scaling relationship is developed, and relaxation
times from the experiments are compared to theoretical relaxation times for the limiting
regime of unconfined droplets. The droplet response in the moderately confined regime
differs from both limiting regimes of unconfined and highly confined droplets with regards
to the radius scaling. Droplet shape relaxation time can be used inform the response of
droplets in an emulsion when subjected to transient flows in various processing conditions.
Finally, an application of this platform for directly visualizing droplet coalescence in planar
extensional flow is presented. The microfluidic four-channel hydrodynamic trap can thus
be applied for studying the fundamental physics of droplet deformation and droplet-droplet
interactions on the microscale.

DOI: 10.1103/PhysRevFluids.5.113603

I. INTRODUCTION

Emulsions, or suspensions of one fluid in another immiscible fluid, are present in various appli-
cations, including oil recovery [1,2], food processing [3–5], atmospheric aerosols [6], drug delivery
[7–9], and cosmetic products [10–12]. A fundamental understanding of the physical and chemical
conditions leading to emulsion stability and breakup is essential for improving processes involving
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emulsions. Emulsions are subjected to complex processing conditions such as pumping, mixing,
extrusion or spraying, under shear or extensional flow fields [13]. For example, micrometer-sized
water droplets can become entrained in diesel fuel in automobile engines. Once entrained, the
droplets can cause corrosion and pitting of components [14]. In order to remove these droplets, coa-
lescing filters are used, where the drops are subjected to complex shear and extensional flows under
confinement. In coalescing filters and other emulsion processing equipment, individual droplets
can be distorted, interact or coalesce with other droplets. Better understanding of the response
of a confined droplet to a perturbation in shape can yield insights into the emulsion dynamics in
confined flows. In this work, we identify three key areas where studies of droplet response during
emulsion processing are undercharacterized, namely, (1) droplet response to sudden cessation of
flow (characterized by a shape relaxation time), (2) effect of dispersed phase viscosity on droplet
shape relaxation in liquid-liquid systems, and (3) effect of confinement on droplet shape relaxation
time.

In prior single-droplet deformation studies, experimental and theoretical approaches have been
used to characterize the behavior of discrete droplets suspended in another fluid phase. From a
theoretical perspective, seminal papers by Lord Rayleigh [15], Sir Horace Lamb [16] and G. I.
Taylor [17,18] laid the foundation for single-droplet deformation studies, providing the analytical
solutions for droplet behavior in emulsions. Of particular relevance to the current study are the
solutions derived by Lamb [16], who obtained a theoretical expression for the damping time of a
liquid globe in a fluid of negligible density and viscosity and for a spherical bubble oscillating about
an equilibrium shape, both in the inviscid limit. Taking this to the next step, Chandrasekhar [19]
extended this derivation for a droplet of finite viscosity in an inviscid outer phase (e.g., air) or a
bubble in a fluid of finite viscosity to obtain expressions for the oscillation frequency and damping
time, based on the fluid viscosity and surface tension. Most notably, Chandrasekhar identified a
critical value of drop/outer fluid viscosity above which the droplet or bubble would not oscillate but
return to its equilibrium shape in an aperiodic manner exhibiting a slow decay. Suryanarayana and
Bayazitoglu [20] solved Chandrasekhar’s equations numerically to illustrate aperiodic (or periodic)
motion in the limit of high (or low) droplet viscosity. Furthermore, Miller and Scriven [21] derived
analytical expressions for oscillation frequency and damping time of a droplet of finite viscosity
suspended in another quiescent medium of a finite viscosity. Finally, these cases were defined for
free interfaces, inextensible interfaces or interfaces populated by insoluble and soluble surfactants
by Miller and Scriven, Lu and Apfel, and others [21–25]. These early works have provided the
foundation for more advanced theoretical studies of droplet deformation in shear and extensional
flows by Barthes-Biesèl and Acrivos [26], Cox [27], and others [28–31].

Experimentally, devices which trap droplets at a stagnation point can be applied towards mea-
surement of the droplet’s response to perturbation. Historically, “droplet tweezers” or “droplet traps”
have been considered a highly tunable and versatile method for studying single-droplet dynamics.
Most techniques for capturing or trapping particles or droplets employ an external field such as
optical, electric or acoustic fields to exert a trapping force. For droplet-in-air systems, optical
tweezers have been employed widely for trapping droplets and particles and measuring their prop-
erties, including viscosity and surface tension, from droplet shape oscillations [32–34]. Similarly,
acoustic tweezers have been employed for trapping droplet arrays and measuring material properties
from drop deformation dynamics [22–24]. For liquid-liquid systems, the four-roll mill developed
originally by Taylor [18] has been miniaturized and automated by Leal and coworkers [35–37]
to study drop deformation under controlled flow fields. The four-roll mill has been employed
extensively to study droplet deformation under shear and extensional flows; for example, Stone et al.
[37,38] employed this apparatus to investigate the transient response of droplets in a suspending
medium (with varying viscosity ratios) upon cessation of flow. While the relaxation time was found
to be controlled solely by interfacial tension, the qualitative features of the deformation exhibited
a dependence on viscosity ratio. Although the dynamics of the problem here are complicated and
depend on the initial elongation of the drop [39], when drops were subjected to an initially large
deformation, drop breakup was observed upon cessation of flow in low viscosity ratio cases, whereas
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for the highest viscosity ratio, Stone et al. [38] observed a slow relaxation of the droplet back to a
steady spherical shape. This finding indicates that the viscosity ratio and initial elongation plays a
key role in droplet relaxation dynamics when drops are subjected to flow transients.

Droplet microfluidic devices have also been used for a wide range of experimental studies on
droplet dynamics including deformation, coalescence and breakup. Christopher et al. used a simple
T-junction microfluidic geometry to study coalescence and breakup of slug-shaped droplets as
a function of capillary number, finding a critical capillary number for coalescence and splitting
which scales with slug curvature and viscosity ratio [40]. Similarly, flow through a microfluidic
cross-slot device has been employed to study slender shapes of highly viscous droplets as a function
of capillary number [41]. Deformation of droplets flowing through a microfluidic contraction or
expansion has also been extensively used as a method to measure interfacial tension between two
fluid phases [6,14,42–44]. The effect of solid particles at the liquid-liquid interface on droplet
coalescence has been studied by colliding droplets generated at opposing T-junctions by Zhou et al.
[43]. Coalescence and breakup of a large number of droplets in an emulsion has also been studied
using geometric expansions, cross-slots or contractions in microfluidic devices [44–48]. While these
microfluidic methods provide valuable information about droplet deformation and coalescence, they
lack precise control over droplet position and are conducted in strong bulk flow environments, such
that the velocity of fluid in the outer phase strongly influences droplet dynamics.

A microfluidic version of the four-roll mill was developed by Hudson et al. [49], capable of
generating both extensional and shear flows. Schroeder and coworkers first developed a microfluidic
hydrodynamic trap, which employed a two-layer microfluidic device (with a control layer and a
fluidic layer) with feedback control for trapping particles at a stagnation point in a cross-slot using
on-chip membrane valves [50–52]. The microfluidic hydrodynamic trap was improved further by
Shenoy et al. [53] by replacing the two-layer membrane valve device with a single-layer microfluidic
device, where trapping is achieved by controlling the flow rates in the channels forming the cross-
slot using an optimization algorithm for control. This device, called a “Stokes trap” can be used
for gentle hydrodynamic trapping and steering of particles in the microfluidic device. Moreover, the
number of stagnation points in a Stokes trap can be increased by increasing the number of channels,
such that two stagnation points can be employed to trap two particles simultaneously to study
particle collisions [53,54]. The Stokes trap has previously been implemented for studying vesicle
and polymer dynamics at a stagnation point [53–56]. Ramachandran and coworkers employed a
diamond-shaped hydrodynamic cross-slot to measure dynamic interfacial tension for bitumen-water
systems as well as to study soft particle assembly in flow [54,57,58]. In a more recent work, Narayan
et al. [59] employed a Stokes trap to measure the film drainage time for droplet coalescence as a
function of droplet speed, diameter, and surfactant concentration for water-in-oil emulsions. In this
work, we present the first experiments, to the best of our knowledge, employing a microfluidic
hydrodynamic trap to study droplet dynamics and response to flow transients under confinement.

Finally, while theory and experiments pertaining to droplet response in an unconfined flow field
abound in literature, relatively fewer studies consider the effect of confinement on a droplet’s shape
response to perturbation. Particularly in microfluidic devices, droplets are inevitably subjected to
forces due to the confining walls of the channel, resulting in a combination of shear and extensional
fields acting on droplets [42]. Previous studies on the effect of degree of confinement on the defor-
mation of drops in a microfluidic extensional flow device have revealed that increasing confinement
tends to enhance droplet deformation at a given strain rate [60]. In shear flows, confinement has been
shown to slow down droplet relaxation by several researchers [61–64]. In fact, Minale et al. found
that for a non-Newtonian continuous phase, e.g., Boger fluid, a single relaxation time can be used for
droplet shape relaxation dynamics when the drops are highly confined, unlike for unconfined drops,
where two relaxation timescales have been identified [64]. Ulloa et al. [65] used a flow-through
microfluidic cross-slot device to study relaxation of confined droplets in an extensional flow field.
The relaxation of highly confined droplets in Hele-Shaw geometries has been studied numerically
by Gallaire and coworkers [66–68] and experimentally using microfluidics by Kerdraon et al. [69].
Understanding the droplet shape relaxation dynamics in confined flow fields can be critical for
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understanding dynamics that occur during the transient flows of emulsions in various processing
applications, including filtration and mixing [70]. Moreover, while highly confined droplets in
the Hele-Shaw regime have been studied in the past, droplet confinement in applications can be
anywhere from fully unconfined to moderately to highly confined. Here we investigate the hitherto
largely unexplored regime of moderately confined droplets.

In this work, we present experiments employing a microfluidic hydrodynamic trap that enables
new measurements of the dynamic response of moderately confined droplets to flow perturbations.
The Stokes trap developed by Shenoy et al. [53] is modified to include on-chip LabVIEW-controlled
droplet formation using a droplet-on-demand technique. Droplets formed in the device are gently
trapped at the center of a cross-slot with hydrodynamic forces alone using feedback control, as
discussed in Sec. II. In Sec. III, results from droplet deformation and relaxation experiments are
presented. Droplet shape relaxation times are measured over a range of viscosity ratios and droplet
sizes. An empirical scaling for the dependence of the relaxation time on droplet size and viscosity
ratio at weak to moderate confinements is presented in Sec. III A. In addition to understanding
transient drop dynamics in confined geometries, this empirical scaling method could potentially
be used to analyze drop retraction experiments in microfluidics for measuring interfacial tension
[71]. With this experiment, we aim to address the key areas identified previously where current
experimental investigations are lacking: (1) droplet relaxation time in response to perturbations, (2)
effect of viscosity ratio on droplet relaxation time, and (3) effect of weak to moderate confinement
on drop shape relaxation. Finally, an application of the hydrodynamic trap for studying binary
droplet coalescence is highlighted in Sec. III D.

II. METHODS AND MATERIALS

A. Device fabrication and experimental setup

The microfluidic device used for hydrodynamic trapping is fabricated using standard soft-
lithography methods [72–74]. Briefly, the mask design for a four-inch silicon wafer is created using
DraftSight (Dassault Systèmes) and printed on transparencies (CAD/Art Services) with a resolution
of 8 μm. Silicon wafers are cleaned using piranha etching (H2SO4 and H2O2 in a 3:1 ratio) at 120 °C
for 15 min, dried, and spin-coated with SU-8 2050 (Microchem) to achieve a photoresist layer of
height ∼120 μm. After prebaking, the photoresist is exposed to UV with the mask aligned over
it using a Karl Suss MA6 Mask Aligner. The wafer is developed after a postexposure bake using
propylene glycol monomethyl ether acetate and rinsed with isopropyl alcohol. The channel depths
are quantified using a profilometer (KLA-Tencor P-16). Profilometry results are included in Sec. I
of the Supplemental Material [75].

The microfluidic devices are made of polydimethylsiloxane (PDMS, Sylgard-184) from Dow
Corning with a 10:1 ratio of base to curing agent. The silicon wafer is treated with trichlorosilane
(Gelest Inc.) in a vacuum desiccator for 20 min before pouring PDMS and baked at 70 °C for
at least 4 h. The devices are then cut out and entry ports are punched using 1.5 mm biopsy
punches (Miltex). The PDMS devices are sealed to glass slides (Thermo Fisher Scientific) by plasma
treatment (Harrick Plasma) for 1 min and baked for at least 2 h before use. After baking, the device
is rendered hydrophobic by treatment with Novec 1720 electronic grade coating (3M), which is
injected into the channels. After complete evaporation of the liquid, the device is heated at 130 °C
for 1 h. Furthermore, oil is injected into the device and allowed to sit overnight prior to use, to
completely avoid adhesion of aqueous droplets to the device walls during the experiment. Pinning
and contact line formation between the drop and the wall is avoided during experiments. Visually,
pinning is easy to identify, because the drop deformation is often distorted when pinned, and the
region of contact with the wall appears darker. Experiments where pinning is observed are discarded.

The sealed device is then mounted on the stage of an inverted microscope (Olympus IX 83) with
a calibrated stage. Two cameras are used for imaging: a Basler ace acA1300-60gm camera with a
maximum frame rate of 60 fps at 1.3 MP resolution is used for trapping the droplets using LabVIEW
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FIG. 1. (a) Experimental setup of the hydrodynamic trap for droplets, showing the microfluidic device
mounted on an inverted microscope with the rigid tubing (red) used to increase flow resistance. (b) Schematic of
the trapping setup, showing (1) microfluidic chip, (2) microscope stage, (3) centrifuge tubes used as reservoirs
for the fluids, (4) continuous phase fluid (oil), (5) dispersed phase fluid (aqueous), (6) tubing used to deliver oil
to the device, (7) tubing used to deliver aqueous phase to the device, (8) analog-controlled pressure regulators,
and (9) tubing used to deliver pressurized air to the reservoirs.

(National Instruments), while a Photron Mini UX100 high speed camera is used to capture the rapid
droplet deformation dynamics. The hydrodynamic trapping setup has previously been described
in detail by Shenoy et al. [53]. Pressure regulators from Proportion Air (QPV series) are used to
pressurize the headspace of air in microfluidic reservoirs (Darwin Microfluidics, XS size). The
requisite pressure is converted to voltage using the following conversion: The pressure range for the
regulators is 0–30 psi (gauge), and the output voltage is 0–10 V dc. The pressure in psi (gauge) is
multiplied by 10/30 to convert it to voltage and this voltage signal is sent to a National Instruments
Data Acquisition board with a cDAQ-9174 chassis, NI 9264 Analog Output module and NI 9201
Analog Input module, which is in turn wired to the pressure regulators. The reservoirs hold the
fluids to be supplied to the microfluidic device, and are connected to the device via Teflon tubing
(1.59 mm OD × 0.51 mm ID ID, IDEX Health and Science) coupled with a small section of high-
flow resistance PEEKsil tubing (IDEX Health and Science, 100 μm ID) of length 5 cm with a union
assembly (IDEX Health and Science) as shown in Fig. 1(a). The high-resistance tubing is sized such
that the flow resistance of this section is at least 5–10 times that of the microfluidic channels due to
the small inner diameter of this tubing, and it is added at each inlet of the microfluidic device. This
is done to avoid back flow and trap destabilization due to small defects in microfabrication of the
channels.

B. Droplet-on-demand and hydrodynamic trapping

In this work, the Stokes trap developed by Shenoy et al. [53] has been modified to allow
for droplet generation on the same microfluidic chip. Essentially, a T-junction geometry is added
upstream of the cross-slot to allow for generation of monodisperse droplets with controllable size
and speed [76]. Several microfluidic geometries are available for generating monodisperse droplets,
including T-junctions, coflow, and flow-focusing devices [76–78]. However, it was found that the
T-junction geometry was best suited for the hydrodynamic trap, since it causes minimal disruption of
the flow field in the trapping region. For hydrodynamic trapping with uniform droplet generation, the
pressure of the dispersed phase is comparable to the pressure in the continuous phase, which shears
off the dispersed phase at the T-junction. The Laplace pressure drop across the droplet interface for a
T-junction of width 40 μm and height 90 μm is on the order of 0.1 psi (gauge) for all the oil-aqueous
systems studied here, meaning that maintaining the meniscus at the T-junction intersection requires
the dispersed phase pressure to be approximately 0.1 psi (gauge) higher than the continuous phase.
Maintaining a fluid-fluid meniscus at the T-junction intersection is critical for generating a small
number of droplets (2 or 3) using a drop-on-demand technique. The T-junction does not play a role
in trapping droplets and is placed far upstream of the cross-slot geometry to avoid interference of
the droplet formation process with the trapping mechanism.
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FIG. 2. (a) Microfluidic device design for the modified hydrodynamic trap, showing the location of the
T-junction for droplet formation on the microfluidic chip and the four-channel cross-slot for droplet trapping
on the same chip. (b) Dimensions of the T-junction for droplet formation (c) Dimensions of the cross-slot for
droplet trapping, including the designations P1–P4 for the four channels forming the cross-slot. (d) Image of a
droplet trapped in the modified hydrodynamic trap. The red square is an overlay used to indicate the desired
position or “set point” for trapping, and the red circle is used to indicate the current or actual position of the
droplet.

Aqueous phase droplets are generated on-demand to ensure that three or fewer droplets are
generated, which can then be trapped downstream of the T-junction in the trap region. This
controlled drop generation is important because the incoming droplets can often coalesce with or
displace a trapped droplet in the cross-slot. If the goal of the microfluidic experiment is to trap a
single droplet to study its relaxation dynamics, it is preferable to avoid interference from incoming
droplets. The drop-on-demand technique is implemented using an excess pulse pressure applied
to the fluid in the dispersed phase reservoir. A LabVIEW program is used to maintain a constant
pressure of the dispersed phase to maintain the fluid meniscus at the intersection of the T-junction,
and to apply a pulse of high pressure for a short duration to generate droplets when necessary using
manual control with a Boolean switch. The actual pulse durations and pressures are tuned depending
on the oil-aqueous solutions being studied.

Flow through the cross-slot microfluidic device is visualized using a 10% v/v emulsion of water
in light mineral oil. Open-source PIV software (PIVlab) is used to extract flow-field information
[79]. The flow field in the cross-slot contains a stagnation point near the center of the cross-slot,
as seen in Fig. S2 [75]. Particles and droplets are trapped at the stagnation point in a Stokes trap
using the Model Predictive Control (MPC) strategy implemented previously by Shenoy et al. [53].
Briefly, droplets that enter the region of interest, defined here as the cross-slot region, are detected
using binary image processing and particle tracking in LabVIEW. To steer a droplet from its initial
position to the final desired position—here the center of the cross-slot—an optimum trajectory is
determined, such that the flow rates are reasonably incremented in small steps, and the particle
reaches the set target position via the shortest possible trajectory. To achieve this, an optimization
problem is solved by discretizing a finite time period, referred to by Shenoy et al. [53] as a finite
time horizon, into intervals with a frequency equal to the sampling frequency. In this case, the
sampling frequency of the image is the camera frame rate, which is set to 30 fps for the Basler ace
acA1300-60gm camera (max. frame rate is 60 fps). This MPC algorithm solves for the flow rates
required to steer the droplet along the shortest trajectory and is iterated after every time interval. It is
implemented using the Automatic Control and Dynamic Optimization (ACADO) toolkit for solving
nonlinear MPC problems [80].

Consider that the microfluidic cross-slot has i channels, where i = 4 for the four-channel cross-
slot. The flow rates qi in each channel of the cross-slot are calculated using the MPC algorithm.
These flow rates are converted to pressures pi using the relation pi = p0 + riqi, where p0 is a base
pressure [set to 3 psi (gauge) in most cases], ri denotes the hydrodynamic resistance in the channel,
which is calculated using the formula ri = 12μoLi

1−0.63( h
wi

)
1

h3wi
[50], where μo is the continuous phase

viscosity and Li, h, and wi are the lengths, height, and widths of the channels, respectively. The
Stokes trap for particles implemented by Shenoy et al. is a symmetric device with all the channels
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FIG. 3. (a) Interfacial tension measurements using pendant drop tensiometry for light mineral oil with
0.05% v/v SPAN 80 in the continuous phase with 0–70% aqueous glycerol in the dispersed phase. (b) Interfacial
tension measurements using pendant drop tensiometry for heavy mineral oil with 0.05% v/v SPAN 80 in the
continuous phase with 0–70% aqueous glycerol in the dispersed phase.

and tubing being of equal length. In the case of our modified Stokes, trap, the resistance of the
microfluidic channel containing the droplet formation region is almost five times as high as that of
the other three channels forming the cross-slot. Moreover, the shear rate required in the T-junction to
form droplets is high, requiring high pressures to be applied to the channels of the T-junction. This
gives rise to high velocity of droplets in the trap region with a net flow of droplets into the channel
P1 [Fig. 2(c)]. Therefore, rapid response of the trapping algorithm is required to capture droplets.
Shenoy et al. [53,81] define the optimization problem for the flow rates in terms of two controller
weights, denoted as β, which relates to flow rates in the channels and θ , which is a “compensation”
for deviation from the set position. In general, lower values of β (10−5 to 10−4) and higher values
of θ (>1000) are found to be appropriate for trapping droplets in this experiment. These controller
weights can be tuned for fluids of different viscosities.

C. Materials

In this work, we use two different continuous phases (light and heavy mineral oils, Sigma
Aldrich) to vary the continuous phase viscosity. Aqueous glycerol solutions at 0%, 20%, 50%,
and 70% by volume prepared using HPLC grade water (Fisher Scientific) and glycerol (Fisher
Scientific) are used as the dispersed (droplet) phase for droplet deformation experiments. A nonionic
surfactant, SPAN 80 (Sorbitane monooleate, Croda Inc.) at a fixed concentration of 0.05% v/v is
added to the continuous phase, i.e., oil, to achieve uniform droplet formation. The equilibrium
interfacial tensions of the oil-aqueous systems are measured using pendant drop tensiometry
with a Drop Shape Analyzer (Krüss GmbH) at room temperature using standard protocol [82].
Note that the equilibrium interfacial tensions of all the systems studied here lie in the range of
5–10 mN/m as indicated in Fig. 3. These systems are chosen to have minimal changes in interfacial
tension but large changes in viscosities. The viscosities of the aqueous glycerol solutions and the
mineral oils are measured using an AR-G2 rotational rheometer (TA instruments) with a concentric
cylinder geometry over a shear rate range of 1–1000 s−1, and the fluids are found to be Newtonian
over this shear rate range. The experiments are performed with light and heavy mineral oils in the
continuous phase with dynamic viscosities (μo) of 26.8 mPa s and 132.2 mPa s, respectively. The
dispersed phases used include water and glycerol-water solutions with viscosities (μi) in the range
1.73–23.13 mPa s. The viscosity ratios (λ = μi

μo
) range from 0.007 to 0.863, spanning almost two

orders of magnitude.
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FIG. 4. (a)–(d) Droplet shape perturbation after application followed by cessation, of a pressure pulse
at various instants of time, showing deformation and relaxation of droplet shape. The original undeformed
projected droplet diameter dp and the lengths of the major and minor axes of the deformed droplet (dmajor and
dminor) are indicated in panels (a) and (c), respectively. (e) Sketch of the droplet confined by the walls of the
microfluidic device, showing the direction of the applied pressure pulse (blue arrows) and the channel height h
compared with the projected drop diameter dp.

III. RESULTS AND DISCUSSION

A. Droplet deformation in a microfluidic hydrodynamic trap

Droplets trapped at the center of the cross-slot in the microfluidic trap are deformed by applying
an excess pressure pulse of 10 psi to channels P2 and P4 [see Figs. 2(a)–2(c)]. A pulse pressure of 10
psi is chosen to induce measurable deformation of a trapped droplet while also keeping it trapped at
the center of the cross-slot. Projected droplet diameters (dp, measured in top view) are in the range
90–250 μm, with the device height h being ∼90 μm on average (due to PDMS channel swelling by
mineral oils). Device height after swelling is measured using the calibrated Z-stage of the inverted
microscope. Prior to the application of excess pressure, the droplet is in its equilibrium configuration
and has a squished spherical or pancake-like shape. After application of the pressure pulse, the
droplet assumes an ellipsoidal shape as shown in Figs. 4(b) and 4(c). The pulse is applied for a
period of 50 ms, after which the excess pressure is reduced to zero, while the droplet is still trapped.
This allows the droplet to relax back to its equilibrium configuration. The droplet is imaged in two
dimensions (i.e., in top view) for approximately 1 s, such that it appears circular prior to deformation
and elliptical after the pressure pulse is applied. High speed videos of droplet shape relaxation are
captured at a frame rate of 12 500 fps using the Photron Mini UX 100 camera. These videos are then
analyzed in MATLAB using a custom image analysis code [6,14] which detects projected droplet
diameter and major and minor axes lengths. The deformed shape of the droplet is described by
a deformation parameter D, coined by Taylor in his pioneering studies on droplet deformation in
emulsions [17,18]. Here

D = dmajor − dminor

dmajor + dminor
, (1)

where dmajor and dminor are the lengths of the major and minor axes of the ellipse respectively.
The image analysis yields the droplet deformation parameter D as a function of time, and the

timestamp is obtained from the frame rate. The variation of D as a function of time for the system
consisting of light mineral oil in the continuous phase with 50% glycerol-water solution in the
dispersed phase, for droplets of various projected diameters is shown in Fig. 5(a). Initially, D sees a
sharp increase as the droplet is deformed, and the droplet gradually relaxes back to its equilibrium
shape when the pressure pulse is stopped. The maximum deformation Dmax attained by a droplet of
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FIG. 5. (a) Droplet deformation D as a function of time for the system containing 50% glycerol-water
solution in the dispersed phase with light mineral oil in the continuous phase (λ = 0.257). Different symbols
indicate droplets with different initial projected radii (rp = dp/2), and the channel height (h) is taken to be
90 µm. Droplets attain highly deformed shapes, followed by relaxation back to equilibrium. (b) Maximum
deformation as a function of projected diameter for aqueous glycerol systems (0%, 20%, 50%, 70%) in light
mineral oil. (c) Maximum deformation as a function of projected diameter for aqueous glycerol systems (0%,
20%, 50%, 70%) in heavy mineral oil.

a given size under the applied pressure pulse increases with an increase in dp. This trend in Dmax as
a function of projected diameter is shown in Figs. 5(b) and 5(c). Dmax does not appear to show any
dependence on the viscosity ratio. Linear scaling for Dmax as a function of dp is shown in Figs. S4(a)
and S4(b), while Fig. S4(c) shows that the slopes of the lines do not exhibit a meaningful dependence
on viscosity ratio [75]. Dmax has previously been used by researchers to study droplet deformation
due to forcing by an extensional flow field in microfluidic contraction-expansion geometries, to
measure interfacial tension [43,83]. Here the focus is on the droplets’ intrinsic relaxation time (τ ),
driven by droplet size and material properties of the two fluids after sudden cessation of flow, rather
than Dmax.

An exponential decay is fit to the drop shape relaxation curves, such as those depicted in Fig. 5(a),
starting at the maximum observed deformation, and is given by

D = D0 + Dmax e− t
τ , (2)

where D0 is the equilibrium deformation, Dmax is the deformation at time t = 0, and τ is the
relaxation time obtained from fitting Eq. (2) to the drop shape decay curves. When a droplet is
deformed by the pressure pulse, the viscous stress in the continuous phase acts to deform the droplet,
while interfacial tension between the two liquid phases acts to restore droplet shape. Similarly, as the
droplet shape relaxes back to equilibrium, the interfacial tension and viscous stress in the continuous
phase act as competing forces. A detailed discussion on the competing forces influencing droplet
deformation is provided in the following sections. When the continuous phase is much more viscous
than the dispersed phase, the dispersed phase viscosity is not considered as a major parameter
influencing the droplet’s shape relaxation. Here we test this hypothesis by changing the dispersed
phase viscosity relative to the continuous phase, while keeping the interfacial tension approximately
constant. If the forcing flow is approximately the same for all cases, one may then seek to study
the dependence of the relaxation time on the fluid properties and the droplet’s confinement in the
channel. In other words, τ = f (rp, h, μi, μo, γ ), where rp = dp

2 is the projected radius. A simple
dimensional analysis reveals the existence of three dimensionless parameters as follows:

τγ

hμw

= f

(
rp

h
,

μi

μo

)
. (3)
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FIG. 6. (a), (b) Dimensionless droplet shape relaxation time as a function of confinement ratio for (a) light
mineral oil and (b) heavy mineral oil in the continuous phase with 0%, 20%, 50%, and 70% aqueous glycerol
in the dispersed phase. The error bars indicate propagated uncertainty arising from uncertainty in the relaxation
time fits and interfacial tension and channel height measurements. The solid lines are examples of power-law
fits to the relaxation time data with corresponding colors.

In the above equation, the first dimensionless parameter is a modified capillary number, where a
reference viscosity μw = 1 mPa s has been used, while the second is the confinement ratio rp

h and
the third is the viscosity ratio μi

μo
. The variation of the relaxation time with the confinement ratio rp

h is
shown in Figs. 6(a) and 6(b) with 0%, 20%, 50%, and 70% glycerol-water solutions in the dispersed
phase and light and heavy mineral oils in the continuous phase, respectively. Across the entire range
of viscosity ratios, it is found that the relaxation time increases with an increase in rp

h . A power-law
curve can be fit to the data using the relation τγ

hμw
= a( rp

h )b at any given viscosity ratio. Examples

of these power-law fits are shown in both Figs. 6(a) and 6(b). The goodness-of-fit parameters (R2),
and the fitting parameters a and b for each system are provided in the Supplemental Material [75].
With light mineral oil in the continuous phase and across the entire range of viscosity ratios, the

exponent b of the power-law fit ranges from 0.42 to 0.49, indicating approximately a τγ

hμw
∼

√
rp

h

scaling. Similar exponents in the 0.44–0.61 range are found for heavy mineral oil in the continuous
phase, although larger scatter in the data resulted in poor fitting for the 50% glycerol-water case.
The average value of the exponent is 0.47 ± 0.06.

The droplet deformation experiments in this work involve neither unconfined ( rp

h � 1) nor highly
confined ( rp

h � 1) droplets. In fact, Balsa [84] and Thompson [85] probed the validity of the
Hele-Shaw assumption for confined flow around a cylindrical object, and found that the assumption
breaks down at large separations, leading to secondary flows with streamwise vorticity arising from
the boundary layer around the object. To satisfy the Hele-Shaw assumption, it is generally accepted
that the confinement ratio rp

h must exceed 4 [66,68], which is not the case in any of the experiments
in this work. To the best of our knowledge, no theory exists for describing droplet deformation and
relaxation in the weak to moderate confinement regime, leaving tremendous potential for studying
the rich flow features in this problem. According to the empirical scaling relation developed in

Eq. (3), we find that the relaxation time varies with projected radius approximately as τ ∼
√

rp

h ,

with the exact scaling factor being 0.47. Figure 7 shows the normalized deformation D
Dmax

plotted as

a function of the rescaled time t1 = t ( h
rp

)0.47 for 50% glycerol-water droplets in light mineral oil,
according to the empirical scaling developed in Fig. 6. All the deformation curves collapse after
rescaling, indicating that the decay time is indeed proportional to approximately the square root
of the radius in the weak to moderate confinement regime. Similar plots showing collapse of the
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FIG. 7. (a) Droplet deformation versus time for the light mineral oil–50% aqueous glycerol system
(λ = 0.257) at various droplet sizes. The channel height h is taken to be 90 µm. (b) Normalized deformation

D
Dmax

(left axis) as a function of rescaled time t1 = t ( h
rp

)0.47, for the same system. The black line is an exponential
decay fit to the collapsed droplet shape relaxation curve. The residuals for the fit are indicated on the right axis,
with a goodness-of-fit parameter R2 = 0.98.

droplet deformation curves and exponential fits to the collapsed data for other viscosity ratios in
this study are included in the Supplemental Material [75]. Note that this scaling is applicable for
the confinement ratio ( rp

h ) range of ∼0.5–1.4, and should not in any way be considered a master
curve for all confinement ratios. Further, the relaxation time obtained from a single collapsed curve
is compared to that obtained from individually fitting exponential decays to the scaled curves for
individual droplet sizes in the Supplemental Material, to indicate the collapse obtained from the
scaling. Fig. 7(b) shows one such exponential curve obtained by fitting a single exponential decay to
the collapsed data. The relaxation time (τ ′) obtained from this fit is related to the original relaxation
times at various droplet radii (rp) via τ ′ = τ ( h

rp
)0.47. This scaled relaxation time encapsulates the

droplet size dependence, but varies with viscosity ratio.
The role of the dispersed phase in drop shape relaxation is discussed in literature dating back

to work by Lamb [16] and Chandrasekhar [19], which examines shape oscillation and damping of
a viscous liquid sphere in a fluid of negligible viscosity. These derivations show that oscillations
are suppressed for a viscosity exceeding a “critical viscosity” defined by Chandrasekhar [19], and
droplet shape relaxes exponentially to equilibrium. For a drop suspended in a fluid of negligible vis-
cosity (e.g., in air), the relaxation time varies inversely as the droplet’s viscosity. With light mineral
oil in the continuous phase, it is observed that the relaxation time exhibits a weak dependence on
the dispersed phase viscosity (or the viscosity ratio λ) in the low viscosity ratio limit as shown in
Fig. 6(a). For the 70% aqueous glycerol solution in light mineral oil, the viscosity ratio increases
substantially compared to all the other cases (λ = 0.863), and the viscosity of the droplet phase
nearly equals that of the continuous phase. In this case, we observe that the droplet shape relaxation
time is notably lower. This decrease in relaxation time indicates that for a highly viscous droplet, the
energy dissipation inside the droplet (in the boundary layer on the droplet side) becomes significant,
leading to rapid return to the equilibrium shape. Lee et al. [86] found that for a highly confined
stationary droplet with fluid flowing around it, the circulation inside the droplet phase is strongest
close to the liquid-liquid interface. This finding may suggest that the droplet relaxation time can be
influenced by the dispersed phase viscosity and the change in circulation inside the droplet as the
pressure pulse is removed. Similarly, as shown in Fig. 6(b), with heavy mineral oil in the continuous
phase, the relaxation time is smaller for the highest viscosity ratio of 0.175, although the difference
is not as evident as is the case with light mineral oil in the continuous phase. The scaled relaxation
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FIG. 8. Dimensionless scaled relaxation time τ ′ = τ ( h
rp

)0.47, as a function of viscosity ratio. The solid

line indicates a power-law fit to the data, with a goodness-of-fit parameter R2 = 0.8. The error bars on the
data points indicate propagated uncertainty arising from uncertainty in the relaxation time fits and interfacial
tension and channel height measurements.

time τ ′ = τ ( h
rp

)0.47 obtained from fitting an exponential decay to the collapsed data in Fig. 7(b)

and Figs. S6 and S7 can now be plotted against the viscosity ratio ( μi

μo
), as shown in Fig. 8 in

dimensionless form. The scaled relaxation time can be related to the viscosity ratio using another
power-law fit as τ ′γ

hμw
= x( μi

μo
)y, as shown in Fig. 8 by the solid line. The exponent y is approximately

equal to −0.22 ± 0.12. Combining the confinement and viscosity ratio dependence, an empirical
equation for the relaxation time can be written as

τ = K
h

γ

( rp

h

)0.47±0.06
(

μi

μo

)−0.22±0.12

, (4)

where K is a constant equal to ∼8.34 ± 3.74 in these experiments.

B. Theory for droplet shape relaxation in unconfined and confined flows

The characteristic timescale for a free droplet’s relaxation to equilibrium was derived by Taylor
and others [18,30,43,83] for an initially spherical droplet in an unconfined flow field in the limit
of very small to moderate viscosity ratios. This timescale, called the viscous dissipation time, is
a function of the droplet radius (r = a0

2 ), viscosity ratio (λ), interfacial tension (γ ), and either the
continuous (μo) or dispersed (μi) phase viscosity. Additionally, a0 is the diameter of a spherical
droplet having the same volume as a pancake-shaped confined droplet with a projected diameter

dp, and is calculated using the formula a0 = 3

√
h3 + 3h

2 (dp − h)( πh
2 + dp − h) [87,88], where h is

the height of the microfluidic channel. dp is obtained from the experiments, and the calculated
diameter a0 is the diameter of an unconfined spherical droplet having the same volume as the
confined pancake-shaped droplet when dp > h, and is taken to be equal to dp when dp < h. Here
we define the viscous dissipation timescale in terms of the continuous phase viscosity to illustrate
order-of-magnitude trends compared with the experimentally measured relaxation time. However,
it is important to be aware of the viscosity ratio range (λ � 1) in which this theoretical viscous
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FIG. 9. (a) Theoretical relaxation time for unconfined droplets as a function of droplet diameter over the
range of droplet diameters and viscosity ratios in this study. (b) Theoretical relaxation time for unconfined
droplets as a function of viscosity ratio for a droplet of equivalent sphere diameter 157 µm with an interfacial
tension of 6 mN/m.

dissipation time (τvisc−c) is valid [30]. It is given by

τvisc−c = αμor

γ
, (5)

where the parameter α is a function of the viscosity ratio λ, and is given by

α = (2λ + 3)(19λ + 16)

40(λ + 1)
. (6)

Figure 9(a) shows the characteristic relaxation time for droplets over a range of drop sizes (same
volume as the range investigated in this work) calculated using Eq. (5). It can be seen that in the
unconfined case, i.e. for a droplet relaxing to equilibrium in a quiescent, infinite fluid reservoir,
the droplet relaxation time is driven by two key parameters, namely the continuous phase viscosity
and the interfacial tension. Since the viscosity of light mineral oil is lower, the relaxation time is
smaller than the heavy mineral oil cases, similar to the trend observed in our experiments with
confined droplets. Moreover, it is interesting to note that the viscosity ratio does not strongly affect
the relaxation time when the viscosity ratio is small (λ � 1) as seen in Fig. 9(b), whereas the curve
begins to deviate and increase substantially as the viscosity ratio approaches 1.

In comparison, there does not exist any theory for weakly or moderately confined droplet
relaxation time, where the relaxation of droplet shape is affected by the presence of the walls
of the microfluidic device, even though there exists a film of oil between the droplet and the
top and bottom walls of the device. The other limiting case which has been studied numerically
is the highly confined regime, where the droplet is sandwiched between plates in a Hele-Shaw
geometry. A numerical scheme for the shape evolution of highly confined pancake-shaped droplets
in microfluidic channels was developed by Gallaire and coworkers [66–68], when rp

h � 1. A model
for analyzing flow through porous media, Darcy’s law, is modified to include a correction for
the depth-averaged Laplacian, yielding the Brinkman equations [66–68], which are then solved
numerically [66–68] using the boundary element method. Brun et al. [66] investigated the relaxation
of a stationary droplet inside a microfluidic channel using this scheme, and found that a rescaling of
the time t as t ′ = t h2

r2
p

leads to collapse of the droplet shape relaxation curves. In other words, in the

highly confined limiting regime, it was found via numerical solutions that the relaxation time varies
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as the square of the projected droplet radius, while theory for the completely unconfined regime
shows that the relaxation time varies as the radius of the spherical droplet.

C. Comparison of experimental and theoretical relaxation times

Finally, a comparison of Fig. 6 and Fig. 9 sheds light on another important difference between the
experimentally measured droplet shape relaxation times and the theoretical relaxation time for free,
unconfined droplets. The relaxation time for unconfined droplets (τvisc−c) of the same volumes and
with the same continuous and dispersed phase viscosities and interfacial tensions is approximately
two orders of magnitude smaller than the experimentally measured relaxation times for confined
droplets. This observation is qualitatively in agreement with previous work investigating droplet
shape relaxation in confined flows. For example, Vananroye et al. [61] studied the relaxation of
polydimethylsiloxane droplets in polyisobutylene upon cessation of shear flow and found that highly
confined droplets relax much slower than unconfined or moderately confined droplets. Moreover,
for extensional flow around a confined, moving droplet, Brosseau [83] found that the experimental
relaxation time lags behind the theoretical relaxation time by an order of magnitude. Tiwari et al.
[89] also found that the relaxation time of droplets following pinch-off of a liquid bridge in a Hele-
Shaw cell increases with increase in confinement. Janssen and Anderson [90] argue that the slower
relaxation of confined droplets is because the fluid in the continuous phase must be squeezed out
of the thin film between the droplet and the wall during droplet relaxation, leading to an additional
resistance, making it a problem of thin film drainage.

For confined droplets, the drag force exerted by the confining walls is thought to influence the
droplet relaxation, and in general, causes the relaxation to lag that for an unconfined droplet. Two-
dimensional micro-PIV by Ulloa et al. [65] has shown that in a cross-slot flow, the vorticity remains
negligible everywhere except at the corners of the cross-slot. Therefore, while the confinement of
the droplet by the top and bottom walls of the device affects drop dynamics, the side walls and
corners of the cross-slot are far enough from the droplet that they are not expected to influence the
droplet relaxation. As mentioned earlier, it is well-known that for microconfined droplets that do
not wet the device walls, a thin lubrication layer exists between the droplet and the wall, and its
thickness has been estimated to be within 0.1–3 μm for pancake-shaped droplets in microchannels
[91–94]. However, it is possible and even likely that the thickness of the lubrication layer between
the droplet and the wall evolves during the droplet shape relaxation as the fluid in the film drains
out. Since the droplet has a weak confinement in the microfluidic device, it is reasonable to expect
the thickness of the lubrication layer to vary slightly from the edge of the droplet to the center. As
the pulse pressure is applied to deform the droplet, there will be an influx of the continuous phase
into the thin film between the droplet and the wall, thereby changing locally the curvature of the
film in proximity to the wall. Moreover, as the pulse pressure is released, the excess fluid in the
film will drain out, and the curvature will relax back to its original state. Janssen and Anderson
[90] showed that the thin film may even dimple as the droplet relaxes. The capillary force driving
droplet relaxation would be balanced by the viscous dissipation in the thin film. This is potentially
why we see higher relaxation times with the more viscous heavy mineral oil in the continuous phase
as shown in Figs. 6(a) and 6(b). Moreover, due to the weak to moderate confinement of droplets in
the experiments presented here, the problem is a fully three-dimensional one, possibly with complex
secondary flows [84,85], and none of the limiting cases are applicable. A full hydrodynamic analysis
of the lubrication force on weakly or moderately confined droplets will be a subject of future
work. A hydrodynamic analysis for moving droplets in a capillary, and with varying viscosity
ratios, was carried out by Lac and Sherwood [95], whereas analysis of bubbles in microconfined
flows was done by Rabaud et al. [96]. Models for film thickness around highly confined droplets
in capillaries or microfluidic devices over a range of capillary numbers can be found in work by
Balestra et al. [97].
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FIG. 10. Coalescence of an incoming droplet with a droplet trapped at the center of the cross-slot showing
the various stages of coalescence. The system shown here consists of confined water droplets in light mineral
with 0.01% v/v SPAN 80, studied in detail in Narayan et al. [59].

D. Outlook for droplet shape relaxation during coalescence

Droplet shape relaxation studies find application in several interesting problems in multiphase
flows. One such problem is droplet coalescence in micro-confined environments. Here a single
droplet is trapped at the center of the hydrodynamic trap, and a series of incoming droplets are
allowed to coalesce with the trapped droplet, as demonstrated in a recent work by the authors’ group
[59]. Figures 10(a)–10(d) show the coalescence of water droplets in light mineral oil with 0.01% v/v
SPAN 80 in the continuous phase. Immediately following coalescence, the coalesced droplet attains
a highly distorted geometry, which ultimately relaxes back to a circular pancake shape as shown in
Fig. 10(d). These highly distorted dumbbell-like initial shapes and their relaxation back to a circular
shape can be strongly influenced by the fluid properties, surfactant gradients after coalescence, as
well as the confinement of the droplet in the microfluidic device. Further, using the hydrodynamic
trap, it is possible to measure the film drainage time for droplet coalescence. Droplet coalescence in
linear flows occurs in three stages, namely, (1) approach of the droplets from a starting separation
distance, (2) contact between droplets and drainage of the thin film between them, during which
droplets may rotate about a common axis, and (3) rupture of the thin film, leading to coalescence
and formation of highly distorted droplet shapes which eventually relax to a circular shape [98]. It
is well documented in the literature that the film drainage time for droplet coalescence is a function
of the droplet velocity, surfactant concentration, droplet size and fluid properties [98–100]. Future
work using the hydrodynamic trap will allow a detailed investigation of these parameters on drop
shape relaxation during coalescence, as showed by our initial study of surfactant and hydrodynamic
effects on droplet coalescence using this geometry in Narayan et al. [59].
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IV. CONCLUSIONS

In this work, a “Stokes trap” previously developed by Shenoy et al. [53] is modified for two-phase
liquid-liquid systems to include on-chip droplet formation using a drop-on-demand technique.
This work is the first such application of the microfluidic hydrodynamic trap to measure transient
droplet response to perturbations, to the best of our knowledge. The droplet shape relaxation time
is measured from the drop shape decay curves. It is found that the droplet shape relaxation time
depends on the confinement ratio rp

h and the viscosity ratio λ. It is found that larger continuous
phase viscosity results in longer relaxation times. This is because the lubrication layer of the
continuous phase between the droplet and the wall must drain to allow restoration of droplet shape.
A comparison of experimentally measured relaxation times for confined droplets with theoretical
relaxation times for unconfined droplets reveals that the experimentally measured relaxation times
for confined droplets of the same volume are orders of magnitude larger than the unconfined case.
Additionally, it is also found that the relaxation times for weakly to moderately confined droplets,
such as the ones in this study, do not exhibit the same radius scaling as either the limiting unconfined

( rp

h � 1) or highly confined ( rp

h � 1) cases. Instead, a τ ∼
√

rp

h scaling for the relaxation time is
found from the experiments in this study.

The results of this work have implications for the behavior of confined droplets in various emul-
sion processing applications including during transients such as flow start-up and sudden cessation,
leading to relaxation of droplet shape. The results obtained indicate that while the viscosity ratios
have a small impact on drop shape relaxation, the effect of confinement is much more dominant
compared to unconfined droplets. Previous work has also shown that the presence of surfactants
can lead to Marangoni effects along the droplet interface during deformation and may impart a
dilatational elasticity to the interface [101–103]. Lee et al. [86] observed that this Marangoni flow
can impact the circulation inside the droplet in the highly confined limit. A rigid, surfactant-laden
droplet interface may also exhibit different relaxation behavior. It is unclear whether these gradients
can strongly influence the drop dynamics in this study. Future work will investigate any potential
impact of surfactant gradients on droplet deformation and coalescence.
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