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ABSTRACT: Double emulsions are highly structured dispersion systems that _Unstretched Stretched
generate double-layered droplets. Double emulsions offer an effective platform

for encapsulating liquid samples. Multilayer protection, controlled release of Stretching

encapsulated materials, and stability make double emulsions superior to single =

emulsions in handling sensitive liquid samples. This technology is widely used in
biology, food technology, cosmetics, and environmental sciences. Microfluidic

emulsification is a promising method for producing highly monodisperse ® ﬂ < g ® @é
double-emulsion droplets with a high encapsulation efficiency. Well-controlled ;
adjustment of the core size and shell thickness is critical for applications of Streltching

double emulsions. Changing the flow rates of the fluid phases is the most
straightforward method to control the emulsion sizes. However, monodisperse
double-emulsions can only be generated within a small range of flow rates. Thus,
producing monodisperse double emulsions with a wide size range without
changing the device design or drastically altering the fluid properties is challenging. Here, we demonstrate a facile method to
generate monodisperse double-emulsion droplets with tunable core size and shell thickness without changing the flow rates of the
fluid phases. To address this challenge, we developed a proof-of-concept flexible and stretchable microfluidic device capable of
controlling core size, shell thickness, and generation frequency by adjusting channel dimensions and stretching the microfluidic
device. We incorporated three stretching cases to assess the feasibility of controlling the generation process of the double emulsion.
We demonstrated that stretching increases the core size and shell thickness and decreases the generation frequency. Experimental
results showed an ~84% increase in core volume and an ~23% increase in shell volume by applying ~16% device strain. This
innovative approach significantly advances the field of droplet-based microfluidics, providing on-site, real-time tunability for the
generation of double-emulsion droplets with high precision and reproducibility.
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Bl INTRODUCTION Double-emulsion droplets can be formed through various
methods.'®™"? Bulk methods, including two-step agitation,
high-shear mixing, and sonication, typically produce highly
polydisperse droplets with limited size control. These methods
are suitable for large-scale production, where monodispersity is
less critical. In contrast, microfluidic emulsification has
emerged as a promising method due to its versatility and
robustness. Microfluidics can produce highly monodisperse
droplets with excellent encapsulation efficiency.'”'>'* Similar
to the microfluidic generation of a single emulsion, capillary
instability under inertial and viscous forces facilitates double-
emulsion formation. Hence, the characteristics of double-
emulsion droplets depend on parameters such as the properties

Double emulsions are complex fluid systems with three
immiscible liquid phases separated by at least two interfaces.
A double-emulsion droplet consists of an inner fluid core
encapsulated by a middle fluid layer that is further dispersed in
an outer fluid. In general, these distinct fluid domains are
defined as the core, shell, and carrier fluid phases. This core—
shell structure enables the encapsulation of liquid samples in a
container,” which is more stable than single emulsions and
capable of systematically controlling the encapsulated phase.
Due to this unique advantage, double-emulsion droplets have
received significant attention in applications such as cell
analysis,3 drug delivery,4 food and beverage,5 cosmetics and
personal care industries,® as well as environmental remedia-

tion.”® In addition, core—shell particles synthesized through Received: January 15, 2025
double-emulsion droplets are considered more stable carriers Revised:  February 21, 2025
than single-emulsion droplets. These core—shell microcapsules Accepted:  February 28, 2025

can be used to make stable assays for precise molecule
quantification using techniques such as digital loop-mediated
isothermal amplification (dLAMP).’
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Figure 1. Parameters considered for theoretical analysis and the fluid phases involved in the generation of double emulsion.

of the three phases,15 flow rates of individual phases, surface
wettability, and microchannel geometry.'* Among these
parameters, microchannel geometry has been found to have
the most significant impact on the double-emulsion character-
istics. Galogahi et al.'® reported that doubling the channel
width increased the radius of the generated core droplets and
core—shell droplets by 50—60% and 60—70%, respectively.
However, the change in flow rates did not significantly vary the
sizes. This is primarily because droplet pinch-off dynamics,
which largely determine core and shell volumes, are more
sensitive to changes in channel dimensions than flow rates.'”

The size tunability of the double emulsion is essential in
many applications. For instance, lipid oxidation significantly
affects the quality of food emulsions.'® Reducing the size of the
core droplet increases the surface area, increasing the
concentration of reactants at the droplet surface, which in
turn increases the lipid oxidation rates. Thus, tuning the
droplet size can control the lipid oxidation rate and minimize
the quality deterioration of food emulsions. In addition, the
relative sizes of the inner and outer phases also affect the
stability and release mechanisms of double emulsions loaded
with bioactive compounds.'” Reducing the ratio of the inner-
to-outer droplet size can decrease the release rate of bioactive
compounds. Tuning the size of the double-emulsion droplets
can also enhance encapsulation efficiency and stability. Beyond
controlling the encapsulated active components, the character-
istics of double emulsions also significantly affect their
manipulation capabilities. In a recent study,” we reported
the synthesis of magnetic liquid beads suitable for active
manipulation. These beads featured a polymer shell containing
magnetic particles. By precisely controlling the shell volume
during the formation process, we created liquid beads with
varying amounts of magnetic particles in the shell, resulting in
tunable magnetization. To date, the formation of a double
emulsion primarily relied on adjusting the flow rates of core,
shell, and carrier phases. However, the flow parameters can
only be changed within a narrow margin for a particular device
geometry to obtain monodisperse double emulsions.”’ The
core generation frequency at the first flow-focusing junction
must be matched to the second emulsion generation frequency
at the second junction. Because of the frequency mismatch, the
double emulsion has a high polydispersity outside this range of
flow rate. Given that microchannel dimensions significantly
affect the characteristics of double emulsions,"® it will be more
promising to control the formation process in real time with
tunable channel dimensions.

In this work, we developed a fully flexible and stretchable
microfluidic technology for tunable formation of double
emulsion and core—shell liquid beads. The channel dimensions
of the proposed flexible device can be precisely adjusted
through external stretching,”* enabling control over parameters
such as core volume, shell volume, and generation frequency.
We selected the two-step flow-focusing configuration and
conducted a theoretical analysis to elucidate the effect of
stretching on double-emulsion formation. Next, we fabricated a
flexible and stretchable microfluidic device that independently
facilitates the stretching of the individual flow-focusing
junctions of the two corresponding stages. The core size can
be tuned by stretching the first junction, and the shell thickness
can be adjusted by stretching the second junction. We then
experimentally evaluated the double-emulsion characteristics
under three cases: stretching junction 1, stretching junction 2,
and stretching the entire device.

B THEORETICAL ANALYSIS

Our previous work”™ comprehensively investigated the effect of
channel dimension on droplet formation. Since the present
work uses the same flow-focusing configuration to generate the
core droplet in the first stage and double-emulsion droplet in
the second stage, the size of the core and double emulsion can
be predicted by the power law as follows. The normalized sizes

of the core (&) and double emulsion ( Do ) can be predicted

Wgp Werp
23
by

i)
Wsp Werp (1)

where D and wgp are the core diameter and the channel width
of the shell phase, respectively, Figure 1. Dpp and wcgp are the
outer diameter of the double emulsion and the channel width
of the carrier phase, respectively. a; is the stretching variable,
and k; and m;; are the scaling law coefficients for the core/
double-emulsion size. The subscript j = 1 and 2 denotes the
corresponding junction, and the subscript i = 1, 2, and 3
denotes the stretching case. For example, k;; and m,; denote
the scaling law coefficients for core generation under junction
1 stretching. ks, and m;, denote the scaling law coefficients for
double-emulsion generation at junction 2 under stretching the
entire device. Following are all the states of these variables,
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Figure 2. (a) Schematic configuration of the stretchable double-emulsion generator. (b) A photograph of the flexible PDMS microfluidic device.

(c) Schematic assembly of the flexible microfluidic double-emulsion generat
setup. (e) Flexible double-emulsion generator at different stretching modes

or and the stretching platform. (d) A photograph of the experimental
: (i) Stretching of junction 1; (ii) Stretching of junction 2.
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In addition, core
can be predicted as

and double-emulsion pinch-off time (t,")

t, = Ko™ @)
where k';; and m’;; are the scaling law coefficients for pinch-off
time related to core and double-emulsion droplets. Stretching
variables for cores (a;) and double-emulsion droplets () are
described as

Aw,
o =1+ L
Wsp (3)
Aw,
a, =1+ L
Werp (4)

Equations 1 and 2 indicate that the core-double-emulsion
size and generation frequency are sensitive to the strain applied
to the device. If the values of m and m’ are positive, stretching
along the lateral direction will increase the size of core/double-
emulsion and decrease the generation frequency. In contrast, if
the values of m and m’ are negative, stretching the device along
the lateral direction will reduce the size of the core/double-
emulsion and raise the generation frequency. We can also
estimate the value of m and k (or m’, k') by fitting
experimental data with an exponential function. In addition,
Supporting Information S-1 provides a more fundamental
description of double-emulsion formation under device
elongation.

B MATERIALS AND METHODS

Device Design and Fabrication. The two-step flow-
focusing devices used in our experiments have four inlets for
core (C-Phase), shell (S-Phase), carrier (CR-Phase), and
spacer (SF-Phase) phases as well as an outlet (Figure 2a). The
symmetric S-Phase channels meet the C-Phase orifice at 90° at
the first flow-focusing junction J1. The symmetric CR-Phase
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meets the core droplet output channel at 90° at the second
flow-focusing junction J2. Both flow-focusing junctions were
designed with constrictions to enhance droplet pinching. The
initial widths of the S-Phase channel and C-Phase orifice are 50
pum. The constriction has a width of 30 ym and a length of 450
pum. The constriction facilitates hydrodynamic focusing of the
two fluids and forms the core droplet in S-phase fluid.
Downstream to the first constriction is the 100-um core outlet
channel leading to the second flow-focusing junction J2. We
considered three designs for fabricating rigid microfluidic
devices for the initial experiments. The corresponding width of
the second constriction was set to 50, 60, and 70 ym. In
addition, we selected the device with 50 um constriction width
at the second junction to fabricate flexible devices. In all
designs, the second constriction is 450 ym long. Downstream
to the second constriction is the outlet of the double emulsion.
The 100-ym outlet channel meets the symmetric SF-Phase
channels at the third junction J3. After the third junction, the
double-emulsion droplets flow through a 1 mm channel toward
the outlet port. All channel sections have the same height of
~130 pm.

The microfluidic devices were fabricated using standard
photolithography and soft lithography techniques.”* SU-8
3050 negative photoresist from MicroChem Corp. was used to
develop the mold on a silicon wafer. Poly(dimethylsiloxane)
(PDMS) (SYLGARD 184, Dow Corning, MI) prepolymer was
thoroughly mixed with curing agent at a 10:1 ratio and
subsequently degassed and poured onto the SU-8 mold. In
making flexible microfluidic devices, the amount of polymer
mixture was adjusted to achieve an ~750-ym thin PDMS
channel layer. The mold was then kept in a properly leveled
oven at 75 °C for ~2 h to allow PDMS to solidify evenly
throughout the mold. Next, the solidified PDMS channel layer
was carefully peeled off. Subsequently, an ~750-uym thin
PDMS cover layer was bonded to the channel layer. Two ~3
mm thick PDMS blocks were bonded on top of the channel
layer to facilitate the inlet and outlet tubing connection.
Finally, two PDMS clamping supporting slabs (~6 mm) and
two PDMS clamping supporting layers (~1 mm) were bonded
along both sides of microchannels on top and bottom of the
thin PDMS layers (Figure 2a), respectively. All PDMS-to-
PDMS bonding processes were performed with an oxygen
plasma treatment. The fabrication process was described in
detail in our previous works.”**’

Surface modification of the microchannels is required to
successfully form double-emulsion droplets. Sections of the
microchannels were treated with poly(vinyl) alcohol (PVA) to
make it hydrophilic.”® A 1% w/v PVA solution was prepared
by mixing with deionized (DI) water using a magnetic stirrer at
90 °C for 30 min. Following the bonding process, the
microchannels were immediately flooded with a PVA (87—
90% hydrolyzed, average mol wt. 30,000—70,000, Sigma-
Aldrich) solution and kept on a hot plate at 120 °C for 7 min.
The channels were then dried with nitrogen gas. This process
was conducted three times to ensure a sufficient level of
hydrophilicity. Finally, the flexible microfluidic device was
partially dissected along the lateral direction to selectively
perform stretching experiments on individual flow-focusing
junctions, Figure 2b.

Discrete and Continuous Fluid Phases. Using the
devices described above, droplets of fluorinated oil (HFE,
Novec 7500 3M) were generated at the first flow-focusing
junction using trimethylolpropane trimethacrylate (TMPTMA,

Sigma-Aldrich Co.) as the S-Phase. Here, HFE 7500 and
TMPTMA droplets were chosen to generate HFE 7500
monodispersed droplets.”””” In addition, TMPTMA has good
chemical compatibility and high thermal stability”® when it
comes to applications such as digital polymerase chain
reaction.”’ An aqueous solution of 50% glycerol (Chemsupply)
with 0.06 mM Tween 20 was used as the CR-Phase for the
second junction J2 to encapsulate the core droplet. In addition,
the same fluid was used as the SF-Phase at third junction J3.
Table S1 lists the fluid properties at 25 °C.

Experimental Setup. The experimental setup for the
flexible microfluidic device consists of a stretching platform,”
Figure 2c, an optical microscope with a high-speed camera, and
four syringe pumps. The stretching platform consists of a
micrometer translation stage on a PMMA base. Two metal
clamps were attached to the base plate and the micrometer
translation stage. Two PMMA slabs positioned the flexible
PDMS device between the metal clamps. After clamping, the
translational stage was adjusted to make the flexible device
recover its initial deformations before experiments. The initial
channel lengths were measured as a reference while the
translation stage was adjusted to ensure that the device was
precisely stretched.

The stretching platform with the PDMS device was placed
on the stage of an inverted microscope (ECLIPSE Ti2, Nikon,
Japan), Figure 2d. Four syringe pumps (NEM-B101-034,
CETONI GmbH, Germany) controlled the flow rates of the
core, shell, carrier, and spacer phases. A high-speed camera
(Chronos 2.1-HD High-Speed Camera, Kron Technologies
Inc, Canada) was mounted on the microscope, and videos
were recorded with an exposure time of 30 ys. The camera
captured the formation processes at the flow-focusing junctions
J1 and J2, as well as the formed double-emulsion droplets at
the outlet. The recorded videos were analyzed using open-
source software Image] (National Institutes of Health).
Quantitative data of the core, shell, and double-emulsion
droplets were then extracted. In addition, the core diameters
were analyzed using Droplet Morphometry and Velocimetry
(DMV) software.”

Experimental Procedure. First, we fabricated PDMS—
PDMS rigid devices of the three designs mentioned above to
identify the optimum flow rates of the three phases and the
geometrical parameters to produce a monodisperse double-
emulsion. More details of this work can be found in Supporting
Information S-4. After identifying these parameters, we
fabricated PDMS—PDMS flexible devices following the
fabrication procedure mentioned in the previous subsection.
Next, we investigated the effect of stretching on the
characteristics of double-emulsion droplets, such as the size
of the core and the double-emulsion droplets as well as their
formation frequencies.

For the flexible devices, experiments were conducted at
various elongations (0—4 mm) by adjusting the translation
stage. This corresponds to a maximum device strain of 16%
which is in the elastic region of the PDMS material. We opted
not to go beyond this strain to ensure that the device provides
consistent dimensional changes when undergoing stretching
and stretch-releasing cycles, which, in turn, give consistent
results. On the other hand, higher strains could cause
delamination of PDMS layers, causing fluid leakages and
device failures. We used the same flow rate conditions found in
the initial experiments with rigid devices. Following tests were
conducted to evaluate the effect of stretching on the core size,
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Figure 3. Formation of double-emulsion droplets in a two-step flow-focusing microfluidic device. (a) The core droplets are formed at junction 1 by
pinching-off core fluid by the shell fluid stream. The formed core droplets are then encapsulated at junction 2 in shell fluid by pinching-off shell
fluid by the carrier fluid stream. Finally, the spacer fluid stream directs the formed double-emulsion droplets toward the outlet. (b) Schematic
illustration of double-emulsion droplet confined by the channel walls (h< D) and obtaining an ellipsoidal shape.

shell thickness, as well as formation frequencies: (i) Stretching
only the first flow-focusing junction, Figure 2e(i); (ii)
stretching only the second flow-focusing junction, Figure
2e(ii); (iii) stretching the entire device. In these tests, the flow
rate (Qgg) of the spacer fluid was kept constant at 800 uL/h.

The device was stretched with 1 mm step. Once the
formation process stabilized, videos of each junction were
captured (Figure 3a) (Video S1). Videos were recorded 1 min
after stretching or adjusting the flow rate to a new setting. Each
video of junction J1 has on average 600 frames. A frame
contains 10—15 droplets depending on the elongation. The
diameter and the generation frequency of the core droplets
before encapsulation were determined. Each video of junction
J2 has 1500 frames on average. About 50 consecutive double-
emulsion droplets were captured after junction J3. The mean
and standard deviation of the population were calculated for
each stretching case. In addition, normal distribution curves for
the population were used to identify the size distribution of the
double-emulsion droplets. The double-emulsion characteristics
are presented as box plots and normal distribution curves for a
particular elongation. Features of the box plot indicate the 25
and 75% quartiles, median, minimum, and maximum values of
the data. Double-emulsion droplets have two distinct shapes
after pinching-off at junction J2. Depending on its size, the
droplet can be spherical (h > D)) or ellipsoidal (h < Dy),
Figure 3b. Here, Dy; is the measured outer diameter of the
double-emulsion droplets, and & is the channel height. In the
earlier case, the measured diameter of the droplet was the
actual diameter. In the latter case, the equivalent diameter was
calculated indirectly through the volume of the ellipsoid. The
volume of an ellipsoid consists of a major and minor axis

length Dy;/2 and h/2 is
1 2
‘/Ellipsoid = gﬂDM h

©)

Balancing eq S with the volume of a sphere leads to
equivalent diameter Dy:

Dy, = 3Dy’h (6)

B RESULTS AND DISCUSSION

Numerical Analysis and Experimental Validation on
Microchannel Deformation under Device Stretching.
We numerically investigated the deformation of the micro-
channel design with 50-ym constriction under various
elongations. The numerical analysis was conducted using
COMSOL Multiphysics version 5.4. Supporting Information S-
S provides details of the simulation. We found that stretching
individual junctions would not affect other junctions, Figure 4.
Stretching junction J1 increases the width of the core phase
inlet (Wgp), the constriction (Wc;), and the core outlet
(Weo). In contrast, stretching J1 reduces the constriction
length (L), shell phase channel width (Wp), and channel
height (H), Figure 4a(i). According to the numerical results
presented in Figure 4a(ii), stretching J1 did not affect the
channel dimensions at J2, which was later validated by
experiments. The results confirmed the effectiveness of our
strategy of isolating individual junctions for stretching.
Similarly, stretching junction J2 increases the width of the
constriction (Wg,) and double-emulsion outlet channel
(Wpgo)- In contrast, stretching J2 reduces the constriction
length (Lc,), carrier phase channel width (Wgp), and channel
height (H), Figure 4b(i). Also, stretching J2 did not affect the
dimensions of J1, Figure 4b(ii). Finally, stretching the entire
device shows the same variation of J1 and ]2 as observed in the
two cases mentioned above, as shown in Figure 4c(i),(ii).

Stretching Junction J1. This work used a two-step flow-
focusing configuration to form the double emulsions. The
effect of stretching on double-emulsion formation was
conducted under three different cases: stretching junction 1,
stretching junction 2, and stretching the entire device.

Stretching J1 caused the size of the core droplets to increase.
Uniform core encapsulation was observed for elongation from
1 mm (81.08 & 1.35 um) to 3 mm (86.88 + 1.72 um), Figure
5a(i). However, core droplets at 4 mm elongation were
polydispersed due to splitting at J2 because of the increasing
core size (81.78 + 23.34 yum). As the core size increases, the
outer diameter of the shell phase also increases, Figure Sa. The
shell thickness is consistent throughout elongations from 1 to 3
mm. However, a highly varying shell thickness can be observed
at 4 mm elongation. We observed empty droplets and
increasing size at J2, Figure Sa(ii). The shell phase that
separates two core droplets in the fluid stream after J1 forms
empty droplets. As J1 is stretched, the droplet spacing
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Figure 4. Experimental and numerical results of channel dimensions under the three stretching cases. (a) Change of critical channel dimensions at
J1 and J2 with only stretching J1. (b) Change of critical channel dimensions at J1 and J2 with only stretching J2. (c) Change in critical channel
dimensions at J1 and J2 with stretching the entire device. The initial dimensions of the first flow-focusing microchannel before stretching: width of
the core phase inlet (W¢p) ~ SO pm, constriction width (W) ~ 30 um, constriction length (L¢;) ~ 450 pm, width of core outlet channel (W)
~ 100 pm, and the width of the shell phase channel (Wgp) ~ 40 um. The initial dimensions of the second flow-focusing microchannel before
stretching: constriction width (W,) ~ S0 um, constriction length (L¢,) ~ 450 um, width of double-emulsion outlet channel (Wpgo) ~ 100 pm,
and width of carrier phase channel (Wcgp) ~ 100 pum. All of the microchannels have the same height (H) of ~130 ym.

increases, resulting in larger empty droplets at J2. The empty
droplets were formed intermittently with double-emulsion
droplets, see Video S4. Overall, stretching junction J1 showed
an 84% core volume increase for the 80 uL/h total flow rate
condition, Figure 5a, where the core phase flow rate is 20 uL/h
and the shell phase flow rate is 60 yL/h.

Stretching Junction J2. Stretching J2 enlarges the outer
diameter of the double-emulsion droplets and reduces the
formation frequency. Monodisperse double emulsions were

produced for all of the elongations. The core droplets showed a
relatively consistent size across all elongations, Figure Sb. For
the given flow rate conditions, the outer diameter of the
double-emulsion droplets increased from 137.13 + 2.64 to
143.72 + 1.03 um, with stretching J2 from 0 to 4 mm. Hence,
the resulting shell thickness increased from 25.72 + 1.31 to
284S + 0.93 um. However, the shell phase exhibits jetting
downstream before being pinched off with increasing
elongations. This happened because of the reduced shear
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Figure S. Experimental study of the effect of stretching (1—4 mm) on double-emulsion characteristics under the three stretching cases. (a)
Stretching J1: (i) variation of core diameter (D) (blue), double-emulsion outer diameter (Dpg) (red), and shell thickness (Ts) (yellow) and (i)
empty shell droplet diameter (Dyg) (gray); (b) stretching J2: D (blue), Dpg (red), and T (yellow); (c) stretching entire device: D (blue), Dpg

(red), T (yellow), and Dgg (gray).

force on the shell fluid with increasing constriction width,
accumulating more shell fluid before pinching-off. In addition,
partial wetting of the microchannel walls with the shell phase
can be observed during jetting. However, more uniform
droplets were observed at higher elongations, see Video SS.
Overall, stretching junction J2 showed a 23% shell volume
increase for the 80 uL/h total flow rate condition, where the
core phase flow rate is 20 yL/h and the shell phase flow rate is
60 uL/h.

Stretching the Entire Device. Stretching the entire
device (both J1 and J2 simultaneously) enlarged both the
core and double-emulsion droplet, hence leading to a thicker
shell. The core size increased with stretching, with good
uniformity at the tested elongations, Figure Sc. Under zero
elongation, early pinch-off resulted in a smaller outer diameter
of the shell phase, intermittently forming empty shell droplets.
However, if the device was stretched further, then the pinch-off
dynamics became more consistent, showing an increasing
outer diameter with increasing elongation. Hence, the shell was
thicker compared to that under unstretched condition. Overall,
2 mm elongation produced monodispersed droplets with
uniform core size (92.74 + 0.92 um) and shell thickness
(25.35 + 0.96 um) for the 100-uL/h condition. However, 4
mm elongation did not produce stable double emulsion
because of instability due to wetting of the channel wall with
the shell phase, see Video S6.

The above subsections primarily discussed the effect of
device elongation under selected fixed flow rate conditions,
where monodisperse double emulsion can be generated.
However, it is important to investigate the effect of flow

conditions on the formation of double emulsion in a
stretchable microfluidic device. So, we further analyzed the
effect of altering the flow rates of the core, shell, and carrier
fluid phases on double-emulsion characteristics. This dis-
cussion can be found in the Supporting Information S-6. From
the results, we concluded that the effect of stretching has a
significant influence on the characteristics of the double
emulsion compared to the change in flow conditions within the
experimented range. In addition, achieving monodisperse
double emulsions in rigid devices is challenging, as generation
frequencies of the core and the double emulsion have to
match. However, the flexible devices show promising results,
even with frequency mismatch.

Estimation of Scaling Law Parameters. We further
estimated the values of parameters k;, m;, k’,-j, and m’; in eqs 1
and 2 based on experimental data of core size, core generation
frequency, double-emulsion size, and double-emulsion gen-
eration frequency. Data fitting for the exponential function was
conducted. Details can be found in Supporting Information S-
7. Figure 6 depicts the fitted data for the case of stretching the
entire device under 100-yL/h. Figure 6a,b shows the
normalized sizes of the core and double emulsion. Figure
6¢,d show the respective pinch-off times of core and double-
emulsion droplets against the stretching variable a. The
behavior shows a good fit in power laws, within 95%
confidence bounds. That means, the double-emulsion
characteristics increase with increasing elongation. The
determined parameters for the generated cores (ky; = 1.377,
ms; = 0.3002, k'3, = 0.5138, and m'5; = 0.5973) and generated
double-emulsion droplets (k;, = 1.273, my, = 0.2961, k'5, =
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Figure 6. Experimental data and fitted correlations in power laws for case 3 (stretching the entire device) unde Qc: 20 uL/h, Qg: 60 uL/h, Qcgp:
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variable; (c) core pinch-off time against stretching variable; (d) double-emulsion pinch-off time against stretching variable.

0.4565, and m'5, = 0.437) indicate that the sizes increase with
increasing elongation, while showing a decrease in generation
frequency. That means that the device geometry significantly
affects the double-emulsion characteristics compared to
changes in flow rate conditions. It should be noted that the
evaluated parameters from curve fitting are specific to the
device design and channel configuration and may differ for
devices with other geometry.

Calhoun et al. comprehensively studied the effect of flow
rates on double-emulsion droplet volume.’” The team
produced monodispersed single-core double-emulsion droplets
with a core volume-to-shell volume ratio ranging from 0.181 to
0.703 by varying core (110—230 yL/h) and shell (280—760
uL/h) flow rates, while maintaining a constant flow rate for the
carrier phase. However, our recent study'® showed that the
effect of device geometry significantly alters double-emulsion
characteristics compared to changing flow rates of the fluid
phases. Besides, changing microchannel dimensions to
generate double emulsions of different sizes is cumbersome.
Therefore, microfluidic devices that can change dimensions by
stretching will address this problem. The dimensional
tunability of flexible devices avoids the repetitive design of
microfluidic devices with different dimensions. Therefore,
micro-elastofluidic technology for double-emulsion formation
would be more cost-effective and time-efficient than conven-
tional rigid-device technology.

B CONCLUSIONS

This paper reports a fully flexible, stretchable microfluidic
device for generating tunable double emulsion. The double
emulsion was formed in a two-step flow-focusing microchannel
design. The variation of microchannel dimensions, such as
width and height, was evaluated numerically and experimen-
tally. The agreement between the numerical and experimental
results confirms our method of isolating and stretching the
junctions individually. Theoretical analysis and experiments
were conducted to decipher the influence of stretching on
double-emulsion generation. In general, laterally stretching
increases the core size and shell thickness while reducing the
generation frequency. Specifically, stretching the second flow-
focusing junction J2, where the double-emulsions are formed,
produces highly monodispersed double-emulsion droplets with
increasing shell thickness. The results demonstrated an
increase of ~84% in the core volume and an increase of
~23% in the shell volume for a device strain of only ~16%. We
believe that this innovative, flexible droplet microfluidic
platform will provide an alternative way to precisely control
the double-emulsion formation dynamics by modifying the
channel dimensions on site and in real-time without
redesigning and refabricating the devices.
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Video S1: Video recorded during the experiment
conducted for double-emulsion formation in a flexible
microfluidic device (Figure 3). (MP4)

Video S2: Video recorded during the experiment
conducted for evaluating double-emulsion formation
dynamics (Figure S2). (MP4)

Video S3.1: Video recorded during the experiment
conducted for evaluating double-emulsion formation
dynamics (Figure S2a). (MP4)

Video S3.2: Video recorded during the experiment
conducted for evaluating the effect of flow rate and
device geometry on monodisperse double-emulsion
formation (Figure S3b). (MP4)

Video S4: Video recorded during the experiment
reported in case 1 (Figure Sa). (MP4)

Video S5: Video recorded during the experiment
reported in case 2 (Figure Sb). (MP4)

Video S6: Video recorded during the experiment
reported in case 3 (Figure 5¢). (MP4)
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