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ABSTRACT

Microfluidic droplet generation enables the rapid and efficient production of large quantities of droplets to be used in various
fields such as medical science and biology. While polydisperse droplets are inherent in bulk emulsion production, which can
be potentially used for combinatorial experimentation in addition to monodisperse droplets, microfluidic chip platforms offer
superior control for post-processing applications and are better suited for integration within miniaturized systems. In this study, we
present a simple yet robust method for generating droplet aggregation, which could be used for applications where the polydisperse
droplets are advantageous in the context of microfluidics. This approach offers a significantly shorter timescale (in a fraction
of a second) compared to existing methods in the literature. The generated droplets rely on the hydrodynamic instability of an
aqueous interface within the framework of the pressure barrier principle. This approach requires adjustments to geometry and
surface wettability properties, resulting in a distinct mode of droplet generation. This approach not only leads to a platform for
the water-in-air microfluidics systems but also facilitates the integration of water-in-oil emulsion into microfluidic devices as a
subsequent step. It was also observed that the polydisperse droplets are only generated in Glass-PDMS chips, not PDMS-PDMS
chips, and the main channel height should be critically narrow (below 10 pm in our method) to allow the system to generate
droplets. The generated droplets have diameters between 1 and 7 pm, with the majority concentrated in the 2-3 pm size band.

1 | Introduction techniques can be categorized into two main types: passive and

active methods [4]. Each type leverages different mechanisms

Droplet generation is vital across a range of fields, including
microfluidics, materials science, biological/biomedical applica-
tions, and environmental studies. It involves the formation of
small, discrete liquid volumes (droplets) within a larger medium,
typically at liquid-liquid or gas-liquid interfaces. The ability to
generate droplets is crucial for their diverse applications, such
as drug delivery [1], chemical reactions [2], biological assays
[3], making this technology highly versatile. Droplet generation

and external forces to create droplets, offering its own distinct
advantages and challenges. In the passive method, droplet for-
mation occurs when one immiscible fluid (the dispersed phase)
is introduced into another (the continuous phase) [5], is com-
monly performed in passive microfluidic devices. Active droplet
generation, on the other hand, applies external power (such
as electrical fields [6], pressure modulation [7] etc.) to control
and manipulate the process. While passive droplet generation
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is favored for its simplicity, energy efficiency, and reliability,
active methods provide greater flexibility and rapid operation,
allowing for more sophisticated control over the droplet forma-
tion process. The choice between passive and active methods
largely depends on the application. Droplets can be generated
either on-demand or in series, each approach serving different
needs. On-demand droplet generation provides control over the
formation and release of droplets as required [8], rather than
producing them continuously or at fixed intervals. A variety of
techniques, leveraging mechanical, electrical, and thermo-fluidic
principles (e.g., thermal actuation and pressure-driven meth-
ods), have been developed to enable on-demand droplet genera-
tion with high accuracy [4]. High-throughput screening requires
rapid and efficient production of large numbers of droplets,
often at the micro- or nanoscale, that can serve as indepen-
dent microreactors or miniaturized test environments [9] for
many applications such as diagnostics, chemical synthesis, and
biotechnology [10]. High-throughput droplet generation neces-
sitates the combination of microfluidic technologies with mate-
rials engineering, fluid dynamics, and actuation mechanisms.
Passive microfluidic systems are frequently used at the heart
of high-throughput methods, where the design of microflu-
idic channels, such as incorporating T-junctions, flow-focusing
geometries, and co-flowing fluids, plays a key role in enabling
rapid and uniform droplet formation [11]. The scalability of
microfluidic platforms further enhances the throughput. By inte-
grating multiple droplet-generation units on a single microflu-
idic chip, large quantities of droplets can be simultaneously
produced, thereby significantly improving the efficiency and
enabling large-scale experiments or production processes [12].
Emulsions can be formed on bulk platforms using various
approaches such as spray [13], extrusion [14], homogenization
[15], and others, alongside microfluidic methods, which could
be used in biomedical applications [13]. However, bulk emul-
sions often produce polydisperse droplets, which may require size
filtering for certain analyses such as fluorescence-activated cell
sorting [16].

While monodisperse droplets are ideal for many applications,
polydisperse droplets are a natural outcome of various processes,
both in natural and engineered systems such as atomization and
spray systems [13]. Unlike monodisperse droplets, which are uni-
form in size, polydisperse droplets span a range of sizes, typi-
cally due to factors such as fluid flow fluctuations, variations in
surface tension, or environmental conditions. These droplets are
often generated in systems where precise control over the droplet
size is either impractical or unnecessary, e.g., spraying. In cer-
tain applications, such as biological studies, a range of droplet
sizes is not only acceptable but also advantageous [17]. The vari-
ability in the size inherent in polydisperse droplets makes them
ideal for creating complex systems related to emulsions or mul-
tiphase reactions, where this heterogeneity can offer functional
benefits [18]. Besides the inherent nature of polydisperse droplets
in bulk emulsion production for combinatorial experimentation
[13], droplet-microfluidic chip platforms (microfluidic emulsion)
could be utilized for this purpose. Essentially, the concept of com-
binatorial droplets allows a droplet to contain multiple elements
(e.g., chemical compositions, specific concentrations of materi-
als) through the sequentially repeated merging, storage, and mix-
ing of droplets, particularly in microfluidic devices [19]. Even
with fully automated and programmed procedures, this entire

process can be still time-consuming and slow to create a droplet
library/array. The generation of (polydisperse) droplets, whether
inside or outside microfluidic chips, serves as a powerful tool for
use in different domains, such as immunoassay [20], biosensor
[21], synthetic reactions (reagents) [22], single-cell combinatorics
[23, 24], and combinatorial biology [25, 26], and biochemistry
[27]. In most microfluidic droplet schemes, passive systems have
been used to manage discrete droplets dispersed in a continuous
phase. The microchannel design, coupled with the adjustment
of flow rates for the dispersed and continuous phases, enables
the generation, breakup, separation, and coalescence of droplets,
facilitating diverse material combinations [28, 29]. Additionally,
these systems can be enhanced with active strategies, such as
valve-based devices, to further fine-tune and optimize the droplet
generation [30].

While many state-of-the-art microfluidic systems have enabled
droplet merging, collision, and controlled monodispersity using
active elements such as electrowetting, valves, or thermal actu-
ation, these methods often require complex fabrication, precise
flow control, or synchronization [4]. In contrast, our approach
offers a simple, passive, and fast alternative by leveraging
the hydrodynamic instability at a hybrid-wettability interface,
enabling a large quantity of polydisperse droplet generation with-
out external actuation or pump adjustments. Unlike classical
designs such as T-junctions or step emulsifiers that prioritize
monodispersity, our method introduces a distinct, previously
unreported droplet generation mode that inherently supports size
variability, an advantage for applications requiring a range of
droplet volumes or contents in microfluidics. Thus, we present
a simple yet effective method for generating high-throughput
polydisperse droplets within microfluidic chips on a millisec-
ond timescale. The method enables not only the water-in-air
microfluidics system but also water-in-oil emulsions within
microfluidic devices. The main advantage lies in its potential for
rapidly exploring multiple parameter combinations in a single
experimental run. The objectives of this study are to develop and
characterize this novel droplet generation strategy, investigate the
effects of geometric and wettability parameters on droplet for-
mation, and demonstrate the method’s applicability for varying
fluidic conditions in microfluidic platforms.

2 | Results and Discussion

The experiments were conducted using the microfluidic device
shown in Figure 1a, with further details about the experimental
setup provided in the Section 4.

21 | PDMS-PDMS Channel

Initial tests were conducted using channels made of entirely
hydrophobic polydimethylsiloxane (PDMS), with two main shal-
low channel depths of 5 and 10 pm, in similar lines with our pre-
vious work [6]. It was observed that a water-air interface quickly
formed for both channel depths at the junctions between the
main and side channels at the expense of generating steady flow
rates at Section 2, while skipping the pressure barrier at “Sec-
tion 1” (i.e., no pressure barrier observed there). At the junc-
tions, the pressure barrier successfully establishes due to the flow
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FIGURE1 | (a)Schematic of the experimental setup. (b,c) Time-lapse images of droplet production from the water-air interface at Section 1 at
the flow rate of 1000 uL/h, corresponding to the first and second stages of the process, respectively. (d) Schematic of droplet aggregation inside the
microchannel, corresponding to the last time-lapse image shown in Figure 3c.
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contraction and geometry dimension effect (Figure 1a). In the
case of the PDMS-PDMS channel configuration, no droplet gen-
eration was observed.

2.2 | Glass-PDMS Channel

Next, we proceeded with the experiments using the hybrid wet-
tability configuration, i.e., the PDMS-glass channel. For the main
channel depth of 10 pm, the observations at Section 2 are sim-
ilar to those in the previous case. No significant changes can
be observed at the water-air interface. In contrast, for the chan-
nel depth of 5pm (at Section 1 and Section 2), water-air inter-
faces become similarly apparent but exhibit distinctive behaviors:
ejecting droplets from the interface.

If not stated otherwise, the syringe pump delivers the fluid flow
to the channel from the inlet at a flow rate of 1000 pL/h. The
behavior of the water-air interface at Section 1 is illustrated in
Figure 1b,c, where the interface reaches the channel contrac-
tion, while the depth of the channel remains unchanged. For this
case, we ran the fluid flow for a few seconds to avoid the inter-
face occupying the whole narrow channel. For this configuration,
the interface attempts to move into the narrower channel, but
the pressure buildup creates a weak barrier that prevents water
flow. The pressure barrier at this location (i.e., flow contraction
at Section 1) is relatively weaker compared to the strong pres-
sure barriers formed at both cross-junctions. The experimental
results demonstrate that the water-air interface becomes imme-
diately unstable, and the favorable wettability of the glass wall at
the bottom of the channel, compared to the counterpart PDMS
walls, contributes to the surface tension force, accelerating the
destabilization of the interface. As a result, droplets shed for-
ward from the decay of the destabilized interface (Figure 1b,c),
highlighting the creation of multiple short jets from where the
droplets emerge. The time-lapse images in Figure 1b,c show the
droplet ejection process extending downstream in two stages. In
the first stage, the droplets are smaller, and the distance along
which they are ejected downstream is shorter. In the second stage,
as the interface attempts to move forward, the droplet coales-
cence becomes more highlighted upon generation. As a result,
larger droplets form along with a greater distance traveled by
the droplets. The droplets near the interface are larger, while
their size decreases gradually as the distance from the inter-
face increases, appearing as a gradient droplet pattern. For fur-
ther clarification, Figure 1d illustrates a schematic of the droplet
aggregation inside the microchannel, corresponding to the last
time-lapse image shown in Figure 1c. It is also observed that,
in addition to the proximity of the interface, the droplets near
the channel walls are relatively larger compared to those in the
core zone of the channel. In general, when the syringe pump
is switched off, the droplet aggregation remains roughly the
same after some neighboring droplets get coalesced due to the
highly shared interface. While some post-formation of neighbor-
ing droplets still occurs after stopping the pump, it is compar-
atively negligible. In this way, the polydisperse droplets can be
produced in the microfluidic droplet-in-air scheme, with droplet
sizes ranging from several tens of nanometers to a few microm-
eters in diameter. The observed polydispersity arises from the
continued ejection and production of droplets during operation,
along with an increased likelihood of coalescence near the water

interface. In this region, resting droplets are more susceptible to
interactions with incoming droplets, leading to a higher chance
of merging. The mechanism of droplet formation discussed above
is a bit similar to the droplet formation process at the nozzle in
spraying [31]. In the spray process, droplet formation occurs in
such a way that a liquid is broken up into fine droplets by fac-
tors such as the shear force, turbulence, or pressure. Typically, a
liquid is forced through a nozzle under high pressure, creating a
thin stream or sheet of liquid. As this stream exits the nozzle, it
experiences aerodynamic forces, surface tension, and interaction
with the surrounding air, which make it break apart into droplets.
However, there is a difference in the droplet formation process
in our method. While the water flow (i.e., interface) reaches the
channel constriction (regarded as a planar nozzle) under pres-
sure, it cannot enter the nozzle. Consequently, the forces at the
nozzle exit that cause the droplet breakup could have marginal
effects in our method.

In the next phase of the experiments, we supplied water to “Sec-
tion 2” from the inlet using a syringe pump for 1min. The
pump was then turned off without removing the tube in order
to maintain the interface at the junction. The droplet aggrega-
tion produced in the microfluidic water-in-air scheme is shown
in Figure 2a for a side channel width of 43 pm. Figure 2a-f
present a statistical analysis of droplets generated using our
method, with a focus on postprocessing. As can be observed,
the droplets can be generated in front of the junction, exhibit-
ing a polydisperse droplet size distribution. While the droplet
size can be measured manually using the ImageJ software, this
process might be tedious and time-consuming. Since the inte-
riors of the droplets are brighter than their interfaces, which
resemble the background color, the CellPose tool is more effec-
tive and robust for droplet characterization and detection than
Imagel]. Cellpose is an anatomical segmentation algorithm writ-
ten in Python 3 by Carsen Stringer and Marius Pachitariu [32] as
an open-source package that can be mainly used for cellular seg-
mentation [33]. Therefore, we used the CellPose tool for droplet
characterization, and its outputs were sent to ImageJ for size
measurement. A schematic of data processing is further given in
Figure S1. Figure 2b illustrates the image of the predicted droplet
outlines that the Cellpose tool generated, highlighting its poten-
tial for detecting nearly all droplets. Additionally, it is important
to note that the predicted outlines do not precisely align with the
droplet interfaces; instead, they encircle each droplet, resulting
in slightly oversized droplet representations. The overestimation
of the predicted outlines for the measurement of the droplet size
was found to be approximately less than 10%. The Cellpose tool,
a deep learning-based segmentation method, can provide color
masks and cell pose features, which in turn enable the identifi-
cation of the droplet pattern as a cell-like structure (Figure 2c,d)
while suppressing the droplet size overestimation. We imported
the Cellpose predictions into the ImageJ software to measure
the droplet size and distribution. The corresponding results,
shown in Figure 2e,f, display the droplet outlines, frequency, and
size distribution. The droplet size distribution, presented as a
number-based frequency (i.e., the number of droplets within each
size range), indicates that droplets are generated across a wide
range of sizes, including small droplets. Due to the inherently
polydisperse nature of the droplets generated by this method,
the size distributions are presented as binned ranges rather than
using mean values with standard deviations. The polydispersity
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FIGURE2 | (a)Dropletaggregation at the side channel, with a width of 43 um, at the cross-junction (Section 2) at the flow rate of 1000 pL/h in the
water-in-air system. (b) Droplet outlines predicted by the CellPose tool. (c) Color masks applied to droplets by the CellPose tool. (d) CellPose tool feature

implementation for droplet identification. (e) Droplet detection and size calculation performed using the ImageJ software from the post-processed

output of CellPose. (f) Droplet size distribution for the water-in-air system.

in the droplet size can be determined by the standard deviation
relative to the average droplet size, which is approximately 41%
in this case, suggesting a moderate droplet size distribution.

The tests also focus on the generation of a pool of droplets from
the water-air interface at the junction of a larger side channel
(i.e., 75pm) and on the transition from the droplet microfluidic
water-in-air scheme to the traditional water-in-oil scheme. Sim-
ilar to the previous case, the water-air interface quickly reaches
the junction, beyond which the syringe pump continues to oper-
ate for 1 min. Upon arrival, the interface encounters a signifi-
cant pressure barrier while increasing the interface curvature.
Although the interface cannot protrude into the shallow main
channel, it starts to shed tiny droplets in all directions, rapidly
filling the entire domain with nano-micro-scale droplet sizes.
These droplets are likely generated by the formation of multi-
ple jets, whose hydrodynamic instability produces tip-streaming
droplets at the tip. Over time, the resting droplets and newly
generated ones start to accumulate, making their size increase
due to coalescence. This process allows droplets near the inter-
face to grow to a larger size, as they have a higher chance of
colliding with emitted droplets. As a result, droplet aggregation
appears in such a way that the droplets are larger near the inter-
face and in the middle zone, while becoming smaller toward
the channel outlet. The droplet emission is so intense that it
reaches the small front side channel. Figure 3a shows the droplet
aggregation 30s after the pump operation (while the pump oper-
ated for 1 min). As can be observed, very small droplets fill the

main channel predominantly in front of the interface. With this
approach, the droplets could be emitted at distances greater than
three times the width of the side channel from where droplets
emerge. In Figure 3b, the water-air interface is at rest, showing
the droplet aggregation 3 min after the pump stops. The droplets
here are noticeably larger compared to Figure 3a. After 10 min,
the droplets grow further due to the coalescence of neighboring
droplets (Figure 3c). However, it is likely that the droplet pat-
tern stabilizes after reaching a saturation point, beyond which no
further coalescence occurs. At first glance, arbitrary coalescence
might be seen as an undesirable event; however, it is beneficial,
as the proposed method presented here relies on droplet coales-
cence as well, particularly because it can potentially enable the
polydisperse droplet generation.

2.3 | Water-In-0il Droplet Generation

The studies in the literature primarily focus on producing water-
in-oil droplets in microfluidic devices, utilizing the introduction
of one immiscible fluid (the dispersed phase) into another (the
continuous phase) as a passive mode [34]. Commonly employed
configurations such as T-junctions, flow-focusing, and co-flow
channels enable precise control over the droplet size and fre-
quency by manipulating the flow rates of both phases. Here, we
present a strategy for producing water-in-oil emulsion by simply
dispensing silicone oil from one of the opening ports of the main
channel, after the droplets are generated in air. Because the oil
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FIGURE3 | (a) Droplet aggregation at the side channel (width=75um) at the cross-junction (Section 2) at the flow rate of 1000 pL/h in the

water-in-air system, 30s after droplet generation while the pump was operating. (b) Droplet aggregation 3 min after the pump was stopped in the
water-in-air system. (c) Droplet aggregation 10 min after the pump was stopped in the water-in-air system. (d) Droplet aggregation following oil dis-
pensing (after part c) for the water-in-oil system. (e) Droplet aggregation 10 min after oil dispensing for the water-in-oil system. (f) Droplet outlines
predicted by the CellPose tool corresponding to part (e). (g) Masks applied to droplets by the CellPose tool for part (e). (h) Droplet detection and size
calculation performed using the ImageJ software on the post-processed output from the CellPose tool for part (e). (i) Droplet size distribution for the

water-in-oil system corresponding to part (e).

readily wets the channel, it quickly fills the entire channel, con-
taining water droplets of various sizes in air. This approach allows
us to generate droplets in a range of sizes in oil. The result in
Figure 3d corresponds to water-in-oil droplets immediately after
dispensing the oil. The droplet size and arrangement observed in
the water-in-air scheme appear to have some changes due to the
influence of oil drift over the droplet aggregation. The oil drift
affects the pinned droplets on the glass in various ways. Some
are displaced downstream or move around, while others coalesce.
The smallest droplets might have been assimilated into the oil

phase. Despite these changes, a significant number of droplets
remain. The droplet coalescence can be prevented by adding an
appropriate oil-soluble surfactant to the oil phase before dispens-
ing [35], or a water-soluble surfactant to the water phase is fea-
sible if a water-air system is concerned [36]. Although the addi-
tion of oil alters the droplet aggregation in air, the resulting water
droplets in oil are still important, especially when monodisperse
droplets are of secondary importance [13], or when the oil phase
itselfis intended to activate the entities inside the droplets, as pre-
viously proven [8].
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Figure 3e shows the droplet distribution in oil after a 10-min wait-
ing time. The pattern appears to be largely unchanged compared
to the moment of oil injection. This could be due to the lower
density of the droplet aggregation in oil compared to water-in-air
systems or a reduced tendency for droplet coalescence in oil com-
pared to air. A further image analysis on the results was per-
formed, and the results are shown in Figure 3e. The CellPose
tool was used to obtain the predicted outline around droplets
and a mask map overlaying the droplets, which are presented in
Figure 3f,g, respectively. The mask output was then imported into
the ImageJ software for further characterization, despite some
overlaps between neighboring droplets. The original color map
image (i.e., Figure 3g) was first converted to 8-bit grayscale, then
segmented using a selected threshold value. To distinguish over-
lapping droplets, a “watershed” binary filter was applied during
the processing to separate them, as seen in Figure 3h. This image
was used to calculate the droplet size and to obtain the corre-
sponding distribution, as shown in Figure 3i. The figure reveals
that the droplets can be produced at different sizes, with the
majority of droplets falling below 3 pm and the polydispersity
of the droplets at “33%. Unlike the microfluidic combinatorial
droplet systems in the literature, which typically contain multiple
elements (e.g., species concentration) formed through sequential
operations such as splitting, merging, and mixing of droplets, e.g.,
[28], the droplet generation approach presented in this study can
arbitrarily create a certain set of droplet sizes. As shown in the
droplet size distributions in Figure 3i and Figure 2f, it is evident
that, although the droplet generation approach here produces
droplets arbitrarily, the size distribution ranges are similar, indi-
cating rough independency from the channel width. This also
suggests that the observed phenomenon or statistical results are
reproducible in this arbitrary way. In addition, if droplet genera-
tors containing bulk fluids of different compositions are designed
to be positioned facing each other or at an angle and gener-
ate droplets simultaneously into a shared region, the droplets
encounter and mix upon formation, resulting in varied compo-
sitions suitable for combinatorial investigations. It is also worth
noting that the presented method is much faster, as it eliminates
the need for sequential operations and does not require program-
ming or automation, compared to methods in the literature, e.g.,
[28] The size filtering was also performed using the ImageJ soft-
ware. This technique is particularly useful for monitoring a spe-
cific droplet set, especially in fluorescent imaging. For example,
we marked a specific droplet size range in Figure 3h, with yellow
outlines and numbers.

2.4 | Flow Rate Effect

Finally, we examined the same geometry and conditions as dis-
cussed in Figure 3, but with a flow rate of 500 pL/h. The results
are similar to those observed at a flow rate of 1000 pL/h, with a
notable difference: the droplet aggregation domain at a flow rate
of 500 pL/h is relatively smaller compared to that at 1000 pL/h,
aside from the change in the droplet size frequency (to be dis-
cussed below). Video #S2 illustrates the corresponding droplet
generation at a lower magnification, revealing the extent of the
droplet aggregation region. The video also demonstrates the pos-
sibility of large droplets near the water-air interface to merge
into the interface in the meantime. To better illustrate the initial

stage of droplet formation, Figure S2 (in the Supporting Infor-
mation) shows time-lapse images of the droplet aggregation evo-
lution originating from the interface. Excluding the background
noise, it is clearly evident that the droplets first appear as tiny
entities, likely within the nanoscale range, with a high density
near the interface. Over time, the droplets gradually grow in
size owing to the coalescence of droplets. Figure S3a (in the
Supporting Information) shows the droplet aggregation captured
10 min after stopping the pump, which ran for 1 min during the
water-in-air droplet production process. The image in Figure S3b
(in the Supporting Information) represents the same scene, i.e.,
Figure S3a, after the silicone oil dispensing, with the predicted
droplet outlines shown in Figure S3c (in the Supporting Infor-
mation). The discrepancy in the prediction of all droplets can be
attributed to the blurriness of very small droplets that fell out of
focus of the camera. As mentioned before, the droplet outlines
would overestimate the size of droplets, as they do not exactly
collapse on the droplet interfaces. Despite these limitations, the
outlines can be presented to provide insight into how the intro-
duction of oil affects the droplet population in the water-air sys-
tem. In this context, the predicted droplet outlines in oil (shown
in Figure S3c) were overlaid onto the image in Figure S3a. The
resulting overlapped image, shown in Figure S3d, highlights that
the larger droplets remain intact in both size and position, as long
as they do not merge with the interface, as observed in video #S2.
The droplet size distribution at the flow rate of 500 pL/h, mea-
sured 10 min after the stopping of pump operation, is compared to
that at 1000 pL/h in Figure S4. The analysis was performed on the
region located directly opposite the side channel section. To quan-
titatively characterize the droplet size distribution, we calculated
the mean droplet diameter and the coefficient of variation (CV)
for each flow rate condition. The CV is a normalized measure of
the size variability, defined as the ratio of the standard deviation
to the mean diameter (expressed as a percentage). A higher CV
indicates a greater polydispersity, meaning the droplet sizes are
more widely spread and less uniform, whereas a lower CV cor-
responds to a more monodisperse, uniform population. In our
system, at 500 pL/h, the mean droplet diameter is approximately
5.5 um with a CV of 35.3%, reflecting a moderate size variability.
When increasing the flow rate to 1000 pL/h, the mean diameter
decreases to 4.2 pm, with a slightly higher CV of 37.6%, indicat-
ing that although the droplets become smaller on average, their
relative size variability remains similar. These metrics provide a
clearer quantitative benchmark of the droplet polydispersity and
its dependence on flow conditions.

3 | Conclusion

In this study, we presented a method for generating droplets
inside microfluidic devices in a polydisperse manner, targeting
applications where polydispersity is advantageous. Our approach
exploits hydrodynamic instabilities at the water—air interface,
which are triggered at channel cross-junctions and/or flow con-
traction regions due to the formation of a pressure barrier. The
surface wettability and channel geometry are also critical factors
influencing droplet formation in this system.

During droplet generation, the water-air interface creates mul-
tiple jets from which droplets are ejected, occupying the main
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channel over time. These ejected droplets can accumulate on
previously formed droplets, leading to the creation of larger
droplets. This process enables the production of the polydisperse
generated droplets inside microfluidic chips without the need
for additional techniques, such as splitting and merging, or
using external fields commonly employed in the literature. It
was observed that polydisperse droplets with a polydispersity of
around 40% or less could be generated very rapidly (in tens of
milliseconds) inside microfluidic chips. The droplet aggregation
follows a pattern where droplets near and across the interface
tend to be larger. After producing water-in-air droplets, we
further dispensed oil from the opening port to switch from a
water-in-air microfluidic emulsion to a water-in-oil emulsion.

As a promising strategy, our method can be implemented in a
parallel scheme, where multiple side channel units can be posi-
tioned at optimal intervals to generate a larger library of droplets
in a range of sizes for both water-in-air and water-in-oil systems.
Furthermore, if droplet generators carrying bulk fluids of dis-
tinct compositions are designed to be arranged to face each other
or positioned at an angle, they could simultaneously produce
droplets into a common region where the droplets meet and mix
upon formation, yielding diverse compositions suitable for com-
binatorial studies.

4 | Experimental Section

4.1 | Microfluidic Chip

Experiments were conducted using the microfluidic device
shown schematically in Figure la. The core feature of the
microfluidic chip lies in its cross-junction design. A shallow main
channel is positioned between two deeper side sections, creating
a strong pressure barrier that prevents liquid at the side sections
from flowing into the main channel. Initially, the main chan-
nel contains air, which can later be replaced with oil, while the
side channels are filled with water. Each side section has a dis-
tinct configuration. One of the side sections features channels
of varying widths before its cross junction, illustrated as “Sec-
tion 1,” while “Section 2” houses the cross-junction of the side
channel of the larger width. The microfluidic chip was fabricated
using a soft lithography technique [6]. An SU-8 photoresist was
applied to a silicon wafer and patterned using UV lithography.
The schematic of the chip fabrication is shown in Figure S5 in
the Supporting Information. This patterned structure served as
a mold for the chip. A mixture of polydimethylsiloxane (PDMS)
and cross-linker (purchased from Dow Corning, Sylgard 184 Sili-
cone Elastomer) was degassed in a desiccator, then cast onto the
mold to form the microfluidic structures. A PDMS-to-cross-linker
ratio of 10:1 was used, followed by curing at 75°C for 40 min. To
create the PDMS cover, a PDMS-to-cross-linker mixture with a
20:1 ratio was spin-coated onto a glass slide at 2000 rpm for 30s
and then cured at 75°C for about 15 min. After punching the inlet
and outlet holes, the chip substrate was carefully placed onto a
glass slide coated with the thin PDMS layer. The assembly was
then cured overnight, resulting in PDMS-PDMS bonding. This
protocol was used for the channels with all surfaces made of
hydrophobic PDMS. To create the PDMS-glass channels, where
the substrate was replaced with glass, the PDMS bulk contain-
ing the channel configuration was bonded to the glass substrate

using oxygen plasma treatment. After bonding, the assembly was
cured overnight to allow the PDMS to recover its hydrophobic
properties.

4.2 | Experimental Procedure

During the experiments, the main channel was filled with air,
while water was introduced into the side channels through
syringe pumps (KD Scientific Inc.). The pumps were continu-
ously operated to build up the pressure and stabilize the air-water
interfaces at their desired positions. A high-speed camera (Red-
lake Motion Pro Series Y) was mounted on an inverted micro-
scope (Nikon Eclipse Ti) and operated at 100 fps to capture the
movement and behavior of water-air interface shedding droplets.
To determine the size of the produced droplets, the equivalent
diameter concept was used. The visible area of each droplet was
calculated with the ImageJ software (National Institute of Health,
USA), and the equivalent diameter was then derived using the
equation D =(4A/x)°, where A represents the visible area of
the droplet. To assess the reproducibility, the method was tested
across multiple chips fabricated from different batches, and qual-
itatively similar results were consistently observed. For each
experimental condition, three representative tests were recorded,
each conducted using a different chip and/or fabrication batch to
ensure the variability in the data set.

The working fluid in our experiments was water, used as the
aqueous phase with a fixed salinity of 0.2 mM, achieved by adding
NaCl. The oil phase was standard silicone oil with a kinematic
viscosity of 100 cSt, purchased from the Sigma Aldrich company.
The experiments were conducted with two different main chan-
nel depths, approximately 5 and 10 pm, and two water flow rates
of 500 and 1000 pL/h. In Section 2, the channel widths at the
junction are 43 and 75 pm. More details about the dimensions
can be seen in Figure 1a. The flow rates were the same for both
Section 1 and Section 2. It should be noted that the experiments
for Section 1 and Section 2 were conducted separately, suggesting
that in each experiment, only one inlet was active at a time. Two
surface wettability scenarios were tested. In the first scenario, all
channel surfaces were hydrophobic PDMS, as discussed above. In
the second scenario, a hybrid configuration, the top and sides of
the channel surfaces were fully hydrophobic (PDMS), exhibiting
a water contact angle of between 105° to 110° [37], while the bot-
tom surface was hydrophilic (glass slide) with a contact angle of
19° [38].

In the case of the water-oil system, which was produced follow-
ing the water—air droplet generation, the water droplets in the
oil were formed by simply dispensing the oil from the inlet of
the main channel. The oil then wetted the channel walls and
flowed through the channel by capillary action, covering the
water droplets that had previously been generated in the air. The
corresponding imaging was performed after the oil flow filled the
channel and stopped.
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Supporting Information

Additional supporting information can be found online in the Support-
ing Information section. Figure S1: Schematic data processing used for
obtaining the droplet size distribution. Figure S2: Time-lapse images of
the initial moments of the droplet production from the water-air interface
at Section 1 at the flow rate of 500 pL/h. Figure S3: (a) Droplet aggrega-
tion at the side channel (width =75 pm) at the cross-junction (Section 2)
at the flow rate of 500 pL/h in the water-in-air system, 10 min after the
pump was stopped in the water-in-air system, (b) Droplet aggregation fol-
lowing oil dispensing (after part (a) representing the water-in-oil system,
(c) droplet outlines predicted by the CellPose tool and processed with the
Image] software, corresponding to part (b), (d) Overlay of droplet out-
lines from the water-in-oil system in part (b) onto the droplet aggregation
from the water-in-air system in part (a). Figure S4: Comparison of droplet
size distributions of the water-in-air system at flow rates of 500 pL/h and
1000 pL/h, measured 10 min after pump operation was stopped. The anal-
ysis was conducted in the region located directly opposite the side chan-
nel section. Droplet size distribution for the water-in-oil system. Figure
S5: Schematic protocol for fabricating Glass-PDMS and PDMS-PDMS
microfluidic chips. Video S1: Droplet generation inside main channel
at Section 2 at 1000 pL per hour.avi. Video S2: Droplet generation inside
main channel at Section 2 at 500 pL per hour.avi.
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