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ARTICLE INFO ABSTRACT

Keywords: Droplet microfluidics is a promising technology for applications that require precise handling of minute fluid
Flexible and stretchable microdroplet volumes. This technology has broad applications in the pharmaceutical industry, food and beverage, and ma-
formation

terial synthesis. Droplet size and frequency are the two key parameters in these applications. Current droplet
microfluidic devices are rigid platforms where the geometry and dimensions of microchannels are fixed after the
device fabrication. This poses a significant limitation when adjusting the droplet generation characteristics.
Repetitive design, fabrication, and testing are often needed to achieve the optimal microchannel dimensions. To
overcome this bottleneck, we develop a proof-of-concept stretchable microfluidic device that can control droplet
size and generation frequency by precisely controlling the microchannel dimensions in real-time. Theoretical
analysis, numerical modelling, and experimental characterisation were conducted to study the influence of de-
vice lateral stretching on these characteristics. We found that the lateral stretching of the device increased the
droplet diameter and spacing but reduced the droplet generation frequency. Droplet diameter and spacing
increased by ~20 %, and droplet frequency decreased by ~45 % when the device was strained up to 25 %. We
believe this innovative, flexible droplet microfluidic platform will provide an alternative way to precisely control
the droplet formation by modifying the channel dimensions on-site and in real-time.

Flexible microfluidics
Micro elastofluidics
Droplet microfluidics

1. Introduction

Droplet microfluidics generates, manipulates, and controls sub-
microlitre fluid volumes or droplets dispersed in an immiscible fluid
stream [1-4]. These droplets have broad applications in the pharma-
ceutical industry [5], food and beverage [6], single-cell analysis [7],
material synthesis [8], high-throughput molecular genetics [9], emul-
sification and particle synthesis [10]. For instance, encapsulating indi-
vidual circulating tumour cells (CTCs) in monodispersed droplets is
essential for single-cell analysis for cancer diagnosis and personalised
medicine [1]. The volume of microdroplets created by this technology
ranges from nanoliter to picolitre, resulting in reduced sample and re-
agent consumption compared to traditional single-cell analysis tech-
niques. In addition, droplet monodispersity ensures reproducibility and
consistency in material synthesis and analysis. Importantly, altering the
droplet sizes in real time would offer versatility and optimisation po-
tential for various applications that require a range of droplet volumes.

The flexibility to change droplet size makes the system adaptable.
Droplet microfluidics is also widely used in pharmaceutical research and
drug discovery by simultaneous high-throughput screening of thousands
of drug candidates in droplets, significantly accelerating the drug dis-
covery process [11]. Therefore, the success of these applications de-
pends on the robust, efficient, and flexible generation of a large number
of droplets with desired properties such as droplet size, spacing, and
frequency.

Droplet generation can be achieved by active and passive micro-
fluidic methods [12-15] . Passive methods depend on the microchannel
geometry and the flow characteristics of the liquid phases involved in
droplet formation. Droplet generation happens through instabilities in
the flow field. [16] Active methods utilise additional energy input by
external active sources such as electric, magnetic, thermal, and acoustic
fields to form droplets [17]. Passive droplet generation possesses the
advantages of simplicity and cost-effectiveness, scalability, and ease of
microfabrication [17]. In a passive method, droplets are generated when
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the forces caused by the pressure gradient across the droplet and the
shear force on the droplet interface overcome the interfacial tension
force. The shear force results from the velocity mismatch of the
continuous and the dispersed phases, while the interfacial tension resists
the droplet breakup [18]. Thus, passive droplet generation highly de-
pends on the flow rates of continuous and dispersed fluid phases. The
channel configuration also plays a vital role in passive droplet genera-
tion. Common channel configurations include the crossflow (T-junction,
Y-junction),[19,20] co-flow [21], and flow-focusing [22] arrangements.
Other geometries, such as step emulsification and membrane structures,
have also been reported [23,24]. Among these configurations, the
flow-focusing design is simple and has the advantages of precise control
of droplet size, high throughput, and low shear stress associated with
droplet breakup [25].

Extensive research has been carried out with numerical modelling
and experimental approaches to improve the droplet generation process
and to obtain desired droplet characteristics [22,26]. These works
investigated the geometrical parameters of microfluidic channel struc-
tures, such as the entry angle of the continuous phase [27], the inter-
section angles of the two phases [28], constriction width and length
[29], etc. However, these works are primarily based on rigid micro-
fluidic devices. The channel geometry and dimension cannot be adjusted
after device fabrication. A summary of these works can be found in
Supplementary Information S-4, Table S1. Apart from these previous
works, very few studies have explored ways to modify channel di-
mensions to control droplet generation actively. Lee et al. [30] studied
active flow-focusing microdroplet generation using controllable moving
walls. Pneumatically actuated side chambers were placed next to the
flow channel to adjust its width. Upon applying pneumatic pressure, the
fluid stream width could be reduced from 30 to 9 um, resulting in the
generation of droplets with a diameter of 76 ym.

Moreover, Nalin et al. [31] recently reported a tuneable droplet
generation device based on step emulsification. Here, a pneumatically
actuated membrane was placed under the step nozzle. The height of the
nozzle was reduced by applying pressure to obtain three orders of
magnitude variation in droplet size without adjusting the flow rates of
the two phases. The applied pressure reduced the generated water-in-oil
droplet diameter from 551 um to 64 um. These works highlighted the
ability to move channel walls pneumatically for tuning droplet genera-
tion. In addition, Yazdanparast et al. [32] conducted a similar study by
squeezing a co-flow channel to change the continuous phase velocity.
Here, two moving blocks squeezed the continuous phase channel wall
around the dispersed phase needle and adjusted the continuous phase
flow velocity. Squeezing the 1-mm channel width down to 0.3 mm
altered the droplet diameter from 913 pm to 175 pym. Furthermore,
Abate et al. [33] presented a valve-based flow-focusing droplet forma-
tion concept where pressurised water acted on membrane valves to
control the constriction width. Reducing the constriction width changed
the droplet diameter from 200 ym to 7 um. However, all these works
only considered the deformation of only part of the microchannel
structure. Additional channel networks had to be considered to facilitate
the control layers, making size-tuneable droplet generators somewhat
complex.

In the present work, we developed a fully flexible and stretchable
microfluidic technology [34,35] for tuneable droplet generation. We
chose to stretch the entire microfluidic device, which presents adapt-
ability and simplicity in prospective application areas compared to
previous works discussed. We have selected stretching as the actuation
method among the various techniques for actuating flexible and
stretchable microdevices to change the microchannel dimensions within
the flexible device [36]. The channel dimensions of the proposed flexible
device can be changed accurately in real-time by external stretching so
that droplet generation characteristics, such as droplet size, droplet
space, and generation frequency, can be precisely tuned. We selected the
flow-focusing configuration to test the above hypothesis. First, theo-
retical analysis and numerical modelling were used to investigate the
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effect of change in channel dimensions on droplet generation. Next, we
developed the flexible and stretchable droplet microfluidic device and
evaluated the variation of channel dimensions under various stretching
conditions. Subsequently, we experimentally studied the effects of de-
vice stretching on droplet generation characteristics under different flow
rates. The results showed that stretching the device can increase the
droplet diameter and spacing and decrease the droplet frequency.
Droplet diameter and spacing increased by ~20 %, and droplet fre-
quency decreased by ~45 % when the device was strained up to 25 %.
We believe this flexible and stretchable droplet microfluidic technology
offers a promising new way to generate tunable droplets by controlling
the channel dimensions on-site and in real-time.

2. Theoretical analysis

The droplet formation process in a microfluidic device can be
explained by the Plateau-Rayleigh instability phenomenon [37]. The
capillary instability under the effect of inertial and viscous forces forms a
droplet. The interfacial tension at the fluid interface stabilises the shape
of the droplet [38]. The droplet formation in a microfluidic channel
exhibits regimes such as squeezing [39], dripping, jetting [40],
tip-streaming [41], and tip-multi-breaking [42], depending on the flow
characteristics, such as flow rate and fluid properties such as density,
viscosity, as well as the channel geometry. Our present work uses a
flow-focusing microfluidic channel geometry to generate droplets in the
dripping regime. The produced droplets are highly monodispersed and
spherical in the dripping regime. Several studies have shown the sig-
nificance of channel geometry on droplet formation in flow-focusing,
T-junction, and co-flow configurations [43-46] . Stretching the droplet
generator device is a novel and simple method of changing critical
channel dimensions, facilitating the formation of size-tuneable droplets
with different formation frequencies, Fig. 1(a). The supplementary in-
formation S-1 provides a more fundamental description of the effect of
stretching on droplet formation.

However, droplet plug length (L), Fig. 1(b). is one of the param-
eters that can be used to quantify the regimes of droplet formation and
characteristics of generated droplets [46]. The plug length of mono-
dispersed spherical droplets generated in the dripping regime is equiv-
alent to the droplet diameter. The following theoretical analysis was
conducted to quantify the effect of dimensional changes on the droplet
plug length and generation frequency.

The generated droplet plug length can be predicted by the power law
[46]:

Lo _ 4 5Q)ca™ o)
W
where ¢, @, m are fitting coefficients which mainly depend on the
channel geometry parameters such as channel depth (H) and widths (w).
Here, w, and Ca is the continuous phase channel width and the capillary
number. ¢ and @ are positive values and increase with the dispersed
phase channel width, while m is a negative value (around —0.3) [46].

By stretching the PDMS device, which has a Poisson ratio of about
0.5 [47], so that,
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where AWL;,W is the input stretching ratio. w,, is the constriction width. Let

1 +AWLC;W = a be the stretching variable, it is easy to obtain:
w, + Aw, = wea % 3)

H+AH = Ha *® 4

Correspondingly, the capillary number Ca is affected by the
stretching variable a as:
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Fig. 1. Schematic of change of channel dimensions and droplet generation by stretching the device. (a) Change of channel geometry and droplet characteristics upon

stretching. (b) Parameters considered for theoretical analysis.
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Here, 7, y, and U are the dynamic viscosity, surface tension, and the
characteristic velocity of the fluid flow. As observed, the capillary
number is linearly proportional to the stretching variable a. Substituting
(5) into (1), assuming the flow rate Q is constant, the droplet size (Dy)
relates with the stretching variable « as:

Dy L
=4 = P g 6)

we W,

Here k and m are the scaling law coefficients for droplet size. The
droplet generation frequency (f) is the inverse of pinch-off time (t,),
which can be estimated as:

_Va
CQ

Although the shape of the droplets have an upper and a lower flat
surface in the expansion section, i.e., w,, as the width, the droplet vol-
ume Vg should still be scaled by the spherical volume formula:

3
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Substituting (8) and (6) into (7) results in the droplet pinch-off time
as a function of stretching variable « as:
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where k’ and m’ are the scaling law coefficients related to the droplet
pinch-off time. And k' is estimated about 100 times smaller than k while
m’ is around three times of m.

Egs. (6) and (9) indicate that the droplet size and generation fre-
quency are sensitive to the device strain. If the value of m or m’ is pos-
itive, stretching the device along the lateral direction will increase the
droplet size and decrease the generation frequency. In contrast, if the
value of m and m’ is negative, elongating the device along the lateral
direction will reduce the droplet size and enhance generation frequency.
We can also estimate the value of m and k (or m’, k) by fitting experi-
mental data with the exponential function.

3. Materials and methods
3.1. Device design and fabrication

The master mould used to fabricate the microchannel layer (Fig. 2
(a)) of the flexible droplet generator device was previously designed and
introduced by Teo et al. [48]. Galogahi et al. [12] later utilised this
design to form UV-curable core-shell microcapsules for applications
such as the storage and delivery of oil-based materials in skin care
products or reagents for biochemical assays. Therefore, we utilised this
proven microchannel design to evaluate the effect of device stretching
on droplet formation. The additional features available in the previous
design for the infusion of the spacer fluid were not needed in the present
study. The flow-focusing device used in our experiments has two inlets
for continuous (C-Phase) and dispersed (D-Phase) fluid phases, respec-
tively, and an outlet (Fig. 2(a)). The symmetrical C-Phase channels meet
the D-Phase orifice at 90°. The initial widths of the C-Phase channel and
D-Phase orifice are 40 ym and 63 um, respectively. After the junction
where the fluid meets, there is a constriction with a width of 29 um and a
length of ~412 um, facilitating the hydrodynamic focusing of the two
fluids. Downstream, the constriction is the droplet outlet channel with a
90-um width, which extends until the outlet. All channel sections have a
constant height of ~137 pm.

The flow-focusing microfluidic device was fabricated using the
standard photolithography and soft lithography techniques [49]. SU-8
3050 negative photoresist material from MicroChem Corp. was used
to develop the mould on silicon wafers through standard photolithog-
raphy. Here, polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning)
prepolymer thoroughly mixed with curing agent at a 10:1 ratio was
degassed and poured onto the SU-8 mould. The amount of polymer
mixture was selected to achieve a ~500 um thin PDMS channel layer.
The mould was then kept in a properly levelled oven at 75°C for
~2 hours to allow PDMS to solidify. Then, the solidified PDMS channel
layer was carefully peeled off. Subsequently, a thin PDMS channel
enclosing layer (~500 um) was bonded to the channel layer. Two thick
PDMS blocks (~5 mm) were bonded onto the top of the channel layer to
facilitate the inlets and outlet tubing connection. Finally, two PDMS
clamping supporting slabs (~6 mm) and two PDMS clamping support-
ing layers (~1 mm) were bonded along both sides of microchannels on
top and bottom of thin PDMS layers (Fig. 2(a)), respectively. All the
PDMS-to-PDMS bonding was performed with plasma treatment. The
fabrication process was explained in detail in our previous work



U. Roshan et al.

Sensors and Actuators: B. Chemical 422 (2025) 136617

(@) Inlet/Outiet PDMS Blocks ®) e
ik o
! &
C-Phase Inlet PDMS 7
Clamping Blocks

:?]‘I:thase PDMS Channel

Layer (c)

Outlet

PDMS Channel

PDMS

Layers

Enclosing Layer

Clamping Support

Flexible
Droplet
Generator

Clamp 2 Micrometer
Translation

Fig. 2. (a) Schematic configuration of the stretchable droplet microfluidic device. (b) A photograph of a fabricated flexible droplet microfluidic device. (c) Schematic
illustration of the stretching platform and the flexible droplet device. (d) A photograph of the experimental setup. The enlarged image shows the flexible droplet

microfluidic device under elongation.
[50-52].

3.2. Discrete and continuous fluid phases

Using the developed flexible flow-focusing microdroplet generator
device Fig. 2(b), droplets of fluorinated oil (HFE, Novec 7500 3 M) were
generated using trimethylolpropane trimethacrylate (TMPTMA, Sigma-
Aldrich Co.) as the continuous phase. Here, the HFE 7500 and TMPTMA

Table 1
Properties of continuous and dispersed phases.

liquids were chosen to generate HFE 7500 monodispersed droplets [48,
53]. In addition, TMPTMA has good chemical compatibility and high
thermal stability [54] when it comes to possible application areas [48].
The liquid properties at 25 °C are given in Table 1.

3.3. Experimental setup

The experimental setup consists of a stretching platform [52], Fig. 2

Medium Type Density Dynamic viscosity Surface tension Interfacial tension
(g/cm?) (mPa.s) (mN/m) (mN/m)
Continuous Trimethylolpropane trimethacrylate 1.06 42 32.5 3.45 [53,55]
Phase (TMPTMA)
(C-Phase)
Dispersed Phase Hydrofluoroether 7500 1.63 1.31 15.52

(D- Phase) (HFE 7500)
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(c), an optical microscope with a high-speed camera, and two syringe
pumps. The stretching platform is composed of a micrometre translation
stage on top of a PMMA base plate. Two metal clamps were attached to
the base plate, and the translation stage was used to facilitate device
clamping. Two PMMA slabs were used to fix the flexible PDMS micro-
droplet generator in between the metal clamps. After clamping, the
translational stage was adjusted to make the flexible device recover
initial deformations before experiments. The initial channel lengths
were measured as a reference while adjusting the translation stage to
ensure the device was precisely stretched.

The stretching platform with the PDMS device was placed on the
stage of an inverted microscope (Olympus, IX73), Fig. 2(d). Two syringe
pumps (DK INFUSETEK ISPLab02) precisely controlled the flow rates of
the continuous and dispersed phase flows into the microfluidic device. A
high-speed CCD camera (Phantom, Vision Research) was mounted on
the microscope and recorded videos of the droplets at the outlet using an
exposure time of 30 ps. The videos recorded were analysed using Droplet
Morphometry and Velocimetry (DMV) software [56] and extracted
quantitative information on the size, spacing, and frequency of the
droplets. Besides, the open-source ImageJ (National Institutes of Health
USA) software was used to measure the channel dimensions under de-
vice stretching.

3.4. Experimental procedure

Experiments were conducted for five elongations (1-5 mm) by tun-
ing the micrometre translation stage. The following tests were carried
out to evaluate the effect of stretching on the dimensions of channels,
droplet diameter, spacing, and droplet generation frequency: (i)
Stretching and stretch releasing test to evaluate the change of the
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microchannel dimensions; (ii) Constant total flow rate test — the device
was stretched from 0 to 5 mm by 1 mm steps while keeping the total
flow rate (Q.+Qq =) at 120 pL/hr. The flow rate ratio (Q./Qq) varies
from 1-5; (iii) constant flow rate ratio test — the device was stretched
from 0 to 5 mm by 1 mm steps while keeping the flow rate ratio (Q./Qq
= 2) with the total flow rates ranging from 90 to 180 uL/hr. All
stretching experiments were conducted three times. A maximum elon-
gation of 5 mm was selected to make sure that PDMS was in its elastic
range during stretch-release cycles [57]. For 5-mm elongation, the
flexible PDMS device was laterally strained to 25 %, which is still in the
elastic region.

After stretching the device with each 1-mm step, videos were
captured after allowing the flexible device to stabilise and produce a
uniform stream of droplets. Videos were recorded 1 minute after
stretching. Each video has on average 200 frames. Each frame contains
10 - 15 droplets depending on the elongation of the microfluidic device.
The diameter of each droplet and spacing between each consecutive
droplets were measured throughout the duration of the video. The mean
and standard deviation of the population were calculated to represent
droplet characteristics of a particular stretching scenario.

4. Results and discussion
4.1. Microftuidic channel deformation under device stretching

We investigated the dimensional change of the microchannels under
various elongations using numerical modelling and experiments. The
geometry and dimensions of the microchannel arrangement in Fig. 1(b)

were considered in this study. The initial dimensions of the flow-
focusing microchannel before stretching are the width of the dispersed
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Fig. 3. Dimensional changes of the microfluidic device of flow-focusing geometry under lateral stretching. (a) Experimentally measured and numerically simulated
microchannel dimensions under various device elongations. (b) Simulated deformation of the microfluidic device under 5-mm device stretching. The colour bar
indicates displacement. (¢) The deformed microfluidic device under 5-mm device stretching. (d) Flow-focusing microchannel arrangement before stretching. (e) after

5-mm stretch. (i) geometry in the simulation environment, (ii) microscopic image.
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phase inlet (Wp) 63 um, constriction (W¢w) 29 pm, droplet outlet
channel (Wp) 90 pm, the height of the channel (H) 137 um, and the
continuous phase channel width (W¢) 40 pm. The device was elongated
laterally, perpendicularly to the flow direction, ranging from 0 to 5 mm
by 1-mm steps, Fig. 1(a). The variation of channel widths and height was
evaluated at different elongation distances. Fig. 3(a) shows the data of
experimental measurement and numerical simulation of microchannel
dimensions with respect to device elongation. The numerical analysis of
the channel deformation was conducted using COMSOL Multiphysics
5.4. Solid mechanics physics interface was used to evaluate the device
deformation. A physics-controlled mesh was created to capture the de-
vice deformation accurately, and a stationary study was used to compute
the model. More details about the simulation model can be found in
Supplementary information S-2. As expected, increasing the elongation
increases the width of the dispersed phase inlet (Wp), constriction
(Wcw), and droplet outlet channel (Wp). In contrast, the height of the
channel (H), and the continuous phase channel width (W¢) were
reduced when increasing the elongation. Fig. 3(b) illustrates the simu-
lated deformation of the microfluidic device under 5-mm elongation,
and Fig. 3(c) shows the deformed microfluidic device under the same
stretching condition in the experiments. Fig. 3(d) and (e) show the
simulated and actual microscopic images of microchannel geometry
after and before stretching.

4.2. Numerical study of droplet formation under device stretching

The current work used a two-phase level-set method coupled with a
laminar flow physics interface to numerically evaluate the droplet
generation phenomenon in COMSOL Multiphysics 5.4 software. More
details about the governing equations of the numerical modelling
approach can be found in Supplementary information S-3. A flow-
focusing droplet generator design was used as the geometry for the
numerical analysis. The fluid properties in Table 1 were used as the
material properties for the continuous and dispersed phases. Among
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these properties, the interfacial tension between HFE 7500 and
TMPTMA was measured in one of our previous studies [55]. The fluids
were considered incompressible and Newtonian. The channel bound-
aries were selected as wetted walls, and the contact angle (6) was
defined as r rad. Fully developed flows were initialised at the inlets as
flow rates and pressure boundary condition was selected at the outlet.
This simulation used shallow-channel approximation under the laminar
flow physics as the fabricated microchannel height is ~137 ym. We
chose 90 pL/hr as the continuous phase flow rate and 30 pL/hr as the
dispersed phase flow rate to evaluate the effect of droplet generation
under device stretching. A user-defined mesh was created to capture the
droplet generation accurately, and a time-dependent study was used to
compute the model. From Fig. 4., we can see that the droplet diameter
and spacing increase with the device stretching under fixed flow con-
ditions. In addition, droplet frequency decreased with the device
stretching. We further conducted the same study with a flow rate ratio of
6:1 to validate the numerical model and included it in Supplementary
information S-3. Following, we further experimentally evaluated the
variation of droplet generation characteristics under different elonga-
tions obtained from the numerical analysis.

4.3. Experimental study of droplet generation under device elongation

We experimentally studied the influence of device elongation on the
droplet generation properties. A continuous phase flow rate (Q.) of
90 uL/hr and a dispersed phase flow rate (Q4) of 30 uL/hr were chosen,
which formed droplets in the dripping regime. At the initial stage (i.e.,
zero stretch), the generated droplets had a diameter of 88 ym + 0.33
with a droplet spacing of 148 um + 1.32, Fig. 5(a). The droplets were
formed at 14 Hz droplet generation frequency. As the device was
stretched gradually from 0 to 5 mm by 1 mm steps, the droplet diameter
increased to 102 um + 0.92. However, the droplet spacing showed a
more complex trend of change. The droplet spacing increased when the
elongation was from O to 3 mm, but it dropped gradually when the
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elongation exceeded 4 mm.Besides, the droplet generation frequency
reduced under device elongation and reached 8 Hz at 5 mm elongation,
Fig. 5(b). We also reversed the elongation from 5 mm to O with a 1-mm
step and investigated the droplet generation characteristics. The droplet
diameter and spacing were almost the same as that of the above
stretching scenario, indicating negligible hysteresis. All experiments
were conducted at a total flow rates below 200 puL/hr to ensure that the
flexible device is free of any fluid leakages while stretching. However,
optimising the settings of plasma treatment to bond flexible PDMS-
PDMS membranes would allow for higher flow rates. The experi-
mental results on the influence of device stretching on droplet genera-
tion characteristics show a similar variation obtained through the
numerical simulations. However, the exact droplet diameter, spacing,
and frequency values are not the same.

4.4. The effects of flow conditions on droplet generation in stretchable
droplet microfluidic device

We also comprehensively studied the effects of the flow rate ratio on
droplet generation properties in the stretchable microfluidic device
under different elongation statuses. Fig. 6(a) shows the effect of
stretching on droplet characteristics which was observed in all the flow
rate conditions. We kept the total flow rate constant at 120 pL/hr while
repeating the stretching experiments for different flow rate ratios.

The flow rate of the continuous phase (Q.) varied from 100 to 60 pL/
hr, and the flow rate of disperse phase (Q4) was varied from 20 to 60 puL/
hr. Fig. 6(b)-(d) show the effect of stretching the device from 0 mm to
5 mm by 1 mm steps on droplet diameter, spacing, and frequency. As
shown, increasing the elongation substantially increased droplet
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diameter, Fig. 6(b) and droplet spacing, Fig. 6(c) while reducing the
droplet frequency, Fig. 6(d). Moreover, droplet diameter reduced with
increasing flow rate ratio (Q./Qq) while droplet spacing increased. The
droplet frequency was slightly reduced with the increase in the flow rate
ratio.

In addition, we also investigated the influence of the total flow rate
on droplet generation properties in the stretchable microfluidic device.
We varied the flow rate of the continuous phase (Q,.) from 60 to 120 pL/
hr, and the flow rate of disperse phase (Q4) from 30 to 60 pL/hr, so that
the total flow rates ranged from 90 to 180 pL/hr while the flow rate ratio
(Q./Qq) was constant at 2:1. Fig. 6(e) and (f) show the effect of device
stretching on droplet diameter and generation frequency. We can see
that increasing the device elongation substantially increased droplet
diameter, Fig. 6(e) while reducing the droplet frequency, Fig. 6(f), the
same as above for various flow rate ratios. Moreover, increasing the total
flow rate (Q. + Qq) considerably enhances the droplet generation fre-
quency. However, the droplet diameter dropped with increasing total
flow rate.

4.5. Estimation of scaling parameters k, m, k’, and m’

We can further estimate the value of parameters k, m, k', and m' in Eq.
(6) based on the experimental data of droplet size and frequency for
these stretchable droplet microfluidic devices. The data fitting for the
exponential function was conducted. Fig. 7(a) shows the normalised
droplet size (Eq. (6)), and Fig. 7(b) shows the pinch-off time (Eq. (9))
against the stretching variable. As observed, both results provide good
fits in power laws, within 95 % confidence bounds, which describes that,
by stretching the PDMS microfluidic device along the indicated direc-
tion, both droplet size and the pinch-off time increase. This also reveals
that, within the current experimental data range, stretching the PDMS
device has a larger influence on the geometry parameters (proportional
to the droplet size) than the capillary number (inversely proportional to
the droplet size), and finally causes a positive effect on the droplet size
change. Additionally, K is in the magnitude of O (;%;) while m' is quite
close to three times of m as expected. It should be noted that the
determined parameters (k=2.315, m=0.235, k’=0.06153, and m’
=0.7053) are only applicable for the stretchable droplet microfluidic
device with flow-focusing configuration in this work. Their exact values
will be different for devices of different dimensions or with varied
channel configurations.

5. Conclusion

This paper reports a fully flexible and stretchable droplet micro-
fluidic device for tunable droplet generation. The flexible droplet
microfluidic device based on the flow-focusing design was developed
and the device was accurately stretched along the lateral direction using
a customised stretching platform. The variation of microchannel di-
mensions such as widths and height was evaluated by numerical
modelling and experiments. The theoretical analysis, numerical
modelling, and experimental characterisation were conducted to
explore the influence of device lateral stretching on droplet generation
characteristics. We found that the lateral stretching on the device
increased the droplet diameter and spacing but reduced the droplet
generation frequency. Droplet diameter and spacing increased by
~20 %, and droplet frequency decreased by ~45 % when the device was
strained up to 25%. We believe this innovative, flexible droplet
microfluidic platform will provide an alternative way to precisely con-
trol the droplet formation by modifying the channel dimensions on site
and in real-time without redesigning and refabricating the devices of
various dimensions. This precise control of droplet generation will have
broad applications for accurate single-cell encapsulation and single-cell
analysis in droplets. Because flow-focusing channel arrangement en-
ables precise control of droplet size and frequency and creates isolated
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Fig. 6. Change in droplet characteristics with device elongation under different flow conditions. (a) Image of droplet generation under different elongations. (b)-(d)
Droplet diameter, spacing, and generation frequency variation when changing flow rate ratios in the stretchable microfluidic device. The total flow rate is constant at
120 pL/hr. (e) and (f) Droplet diameter and generation frequency variation under the varying total flow rates. The flow rate ratio is constant at 2:1. Each value is the
average of three trials. Error bars represent the standard deviation.
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microcompartments for analysis of individual cells. In addition, flow-
focusing droplet generation with stretching minimises the shear stress
on cells during encapsulation, preserving cell viability. Also, this tech-
nique allows control of the number of cells encapsulated in a particular
droplet without changing the flow velocities, which could otherwise
create flow instabilities by shifting between different regimes of droplet
generation and affecting monodispersity.
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