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In microfluidic systems, droplets undergo intricate deformations as they traverse flow-focusing junctions, posing a
challenging task for accurate measurement, especially during short transit times. This study investigates the physical
behavior of droplets within dense emulsions in diverse microchannel geometries, specifically focusing on the impact of
varying opening angles within the primary channel and injection rates of fluid components. Employing a sophisticated
droplet tracking tool based on deep-learning techniques, we analyze multiple frames from flow-focusing experiments
to quantitatively characterize droplet deformation in terms of ratio between maximum width and height and propensity
to form liquid with hexagonal spatial arrangement. Our findings reveal the existence of an optimal opening angle
where shape deformations are minimal and hexagonal arrangement is maximal. Variations of fluid injection rates
are also found to affect size and packing fraction of the emulsion in the exit channel. This paper offers insights into
deformations, size and structure of fluid emulsions relative to microchannel geometry and other flow-related parameters
captured through machine learning, with potential implications for the design of microchips utilized in cellular transport
and tissue engineering applications.

I. INTRODUCTION

The high-throughput generation of fluid droplets holds
significant importance in various fields, such as chemistry,
biology and material science1–3, and has found applica-
tions in different sectors of modern industries, ranging from
food processing4–6 and pharmaceutics for drug delivery7–9 to
nanoparticle synthesis10,11 and soft bio-materials12,13.

Within the realm of microfluidics, the process can be re-
alized through several techniques, which can be categorized
into three primary types based on channel configurations:
cross-flow, co-flow, and flow-focusing1,2,14. These droplet-
producing methods determine the droplet characteristics, such
as their shape, size, surface properties, interactions, etc.15–19

The co-flow and flow-focusing methods, in particular, are
specifically adept at producing highly monodisperse droplets.
These tiny elements are well suited for the assembly of
droplet-based soft materials, such as foams20, and are of in-
terest in lab-on-chip devices21. In this respect, the precise
control of droplet formation with predefined volume and size
represents a formidable challenge since it hinges upon care-
ful control of a number of factors including channel design
and manufacturing, characteristics of the fluids (such as con-
centration, viscosity and surface tension), fine-tuning of flow
rates as well as fluid-structure interaction14,22–27. Despite the
complexity of the process, it has been shown in a number
of papers that the confinement of droplets brings out a vari-
ety of self-assembled ordered structures, ranging from foams
to crystal-like templates with different degree of order, that
would not exist without boundaries20,28,29.

Control over droplet sizes, deformations and their organi-
zation are essential for many applications. For example, in
droplet-based drug delivery applications, it is crucial to main-
tain a sustainable production rate while ensuring a precise
droplet volume. The size of the droplet plays a critical role in
determining the drug release profile, as highlighted in multiple
studies9,30. Moreover, the manufacturing process can subject
the delicate payload, such as probiotics, to significant envi-
ronmental stresses which potentially can impact the stability
and functionality of the drug delivery method31.

Considerable attention is given to the regulation of droplet
size generation through the manipulation of microchannel ge-
ometry, fluid characteristics, and fluid injection rates32–35.
Careful examinations of droplet deformations are conducted
within confined passages36. These studies have a predomi-
nant emphasis on individual droplets. While many other stud-
ies have been focused on characterizing the dynamics and ar-
rangement of fluid droplets in symmetric microfluidic chan-
nels in which the striction connects the exit channel by means
of fixed opening angles37–39, much less is known about the
influence of microchannel opening angle α on droplet size,
their spatial disposition, and the resultant stresses endured by
the droplets due to interactions with channel walls and neigh-
boring droplets before reaching equilibrium in densely packed
emulsions.

This work investigates the influence of microchannel ge-
ometry on the size and spatial arrangement of droplets
within a flow-focusing apparatus. Advances in manufacturing
methodologies40 for microfluidic devices, coupled with inno-
vative computer vision algorithms, have facilitated the analy-
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sis of exceptionally high-quality data, allowing for the precise
quantification of droplet characteristics across diverse config-
urations. Further, the fast analysis capabilities of computer
vision algorithms reveal detailed information in the form of
droplet size distributions rather than average values with other
traditional measuring methods. Leveraging DropTrack41–44,
a previously established deep leaning-based droplet tracking
tool, we quantify parameters related to droplet deformations,
size distribution, packing density and arrangement under the
confined environment of a microfluidic channel. We find that
the geometry of the microchannel combined with the complex
structure of the fluid flows critically affect the droplet-droplet
interactions, yielding an intricate picture where the opening
angle of the channel and injection rates of the fluids control
size and arrangement in a highly non-trivial manner. Indeed,
keeping fixed the rates of oil (continuous phase) and water
(continuous dispersed phase), both deformation and average
size of the droplets lessen for increasing values of opening an-
gle. The latter is also found to affect droplet order, which ex-
hibits an optimal hexagonal arrangement for a restricted range
of opening angles. However, increasing the oil injection rate
generally disrupts such order producing weakly-packed small
droplets, essentially because of the high shear flows in the
channel. Modification of the water injection rate has a milder
impact on drop size, whereas it can considerably alter the re-
sulting structure of the emulsion downstream. The complex
scenario emerging from these findings suggests that predicting
the structural and mechanical properties of a fluid emulsion in
a highly confined regime remains a challenge if solely based
on the control of a limited set of physical parameters. Machine
learning (ML) methods (potentially in combination with com-
puter simulations) can effectively bridge this gap, especially
if tested on different lab-on-chip platforms to minimize the
dependence on a specific training dataset.

The paper is structured as follows. In the next section, we
illustrate the details of the experiments and the DropTrack al-
gorithm. Afterwards, we present the results which contain a
discussion about droplet deformability, size distribution, de-
gree of order and packing fraction in channels with varying
opening angles and oil/water injection rates. Some final con-
siderations and potential perspectives close the manuscript.

II. EXPERIMENTAL DETAILS AND TRACKING
ALGORITHM STRUCTURE

A. Materials

The materials used in the experiment are the following.
The E-Shell®600 (EnvisionTEC) photocurable material was
used as the pre-polymer. Also, Brilliant Black BN pigment
was purchased from ABCR GmbH, Tween®20 and isopropyl
alcohol were obtained from Sigma-Aldrich, while sunflower
seed oil from Santa Cruz Biotechnology.

B. Device for droplets generation

A flow-focusing microfluidic junction was designed to pro-
duce water-in-oil (W/O) emulsion droplets (Figure 1a). The
device has a base sizes of 23.0x17.5 mm and a minimum
thickness of 1.8 mm. The devices have one central inlet for
the dispersed phase (water solution) and two side inlets for the
continuous phase (sunflower oil). The latter channels form a
45° angle with respect to the central one. The inlet channels
have a width of 500 µm. The flow-focusing junction is con-
nected to an expansion channel with an opening angle (α) of
30, 45, 60 or 90 degrees, respectively. The narrow channel has
a width of 200 µm and a length of 5 mm, while the expansion
channel has a width of 2 mm and a length of 9 mm. All chan-
nels have a depth of 500 µm. To prevent the presence in the
channel of residual pre-polymer polymerized during the print-
ing process, the channels were left open in the central area of
the device (i.e. they were designed with one edge positioned
on the surface of the device). In order to seal them, a 400
µm thick layer was designed as a cap for the channels. Either
the inlet or outlet channels were connected to four cylindrical
apertures with internal 2.2 mm diameter and 3.8 mm height,
which host conical shaped hollow connectors used for insert-
ing plastic tubes.

C. Device fabrication

The device, the hollow connectors and the sealing layer
were printed by a digital light processing (DLP) system (Mi-
croPlus, HD EnvisionTEC) equipped with an UV light source
with emission wavelength of 405 nm and intensity of 2 mW
cm−2 (Figure 1b). The objects to be printed were sliced in 50
µm thick layers. A UV light exposure time of 4.8 s was used
for each layer. After the printing process, the device with open
channels and the sealing layer were bonded through exposure
to the emission of a UV light lamp (wavelength: 365 nm, in-
tensity: 0.7 mW cm−2, exposure time: 20 s), as illustrated
in Figure 1c-d. Afterwards, two glass coverslips (Bio-Optica,
22×22 mm2) were bonded to the top and bottom surface of
the device, through the photopolymerization of a layer of E-
Shell®600 interposed between the glass coverslips and the
device surfaces (Figure 1e). To this aim, the UV lamp (365
nm) was used (exposure time: 20 s). The resulting devices
were washed with isopropyl alcohol and dried in a nitrogen
flow. Finally, the hollow connectors and flexible plastic tubes
were connected to the device (Figure 1f). A example of the
realized device is shown in Figure 1g-h, whereas optical mi-
croscope images of the inlet of the expansion channel with
various opening angles are shown in Figure 1i-l, respectively.

D. Droplet formation

For obtaining W/O emulsions, Tween®20 (1 mg/ml) and
Brilliant Black (7 mg/mL) were dissolved in deionized water
as the surfactant and the black pigment, respectively. In par-
ticular, the latter was exploited to better visualize the emulsion
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FIG. 1. a) Schematic representation of the flow-focusing junction and the expansion channel designed for the generation of W/O emulsion. b)
Sketch of the DLP 3D printing system; DMD: Digital Micromirror device. c)-f) Illustration of the fabrication steps of the microfluidic device.
First, the device with open channels and the sealing layer are printed (c) and bonded through UV-light irradiation. (d) Afterwards, two glass
coverslips are bonded on the top and bottom surfaces of the device by UV light irradiation and photopolymerization of an interposed layer of
pre-polymer (e). Finally, plastic tubes are connected to the inlets and outlet apertures by means of 3D printed connectors (f). g-h) Photographs
of the device after step d), (g), and of the final device (h). Scale bars: 9 mm. i-l) Bright field optical microscope images of the inlet of the
expansion chamber with opening angle: 30 (i), 45 (j), 60 (k) and 90 (l) degrees. Scale bar: 1 mm.

formation and the droplets packing in the expansion channel.
The flows of the continuous and dispersed phases through the
device were controlled by a high-precision twin syringe pump
(Harvard Apparatus). The droplets were imaged by using a
stereo microscope (MZ 16 FA, Leica, illumination in trans-
mission mode) and a camera (Fastcam APX RS, Photron,
3000 frames per second). The sequences of images were
stored as AVI video files. Three different sequences of im-
ages were acquired for each set of experimental data.

E. DropTrack algorithm

Here we shortly recap the main features of Drop-
Track, while we refer to the extensive literature for further
details41–44. The DropTrack software is based upon the amal-
gamation of YOLO (You Only Look Once)45 and Deep-
SORT (Deep Simple Online and Realtime Tracking)41 algo-
rithms, adeptly tailored to the specialized task of identifying
and tracking droplets within image sequences. Through cus-
tomization and training, DropTrack has been calibrated to pre-
cisely recognize droplets within images and extract their tra-

jectories across consecutive frames. Consequently, the appli-
cation furnishes comprehensive data, encompassing the dy-
namic paths of individual droplets plus the associated width
and height dimensions of the bounding boxes encapsulating
them. DropTrack can analyze about 30 frames per second
with GPU hardware acceleration, making it suitable for in-
line data analysis44. Instances of DropTrack’s output is pro-
vided in Fig. 2 (Multimedia view). DropTrack was employed
to analyze a total of forty-four such videos depicting the flow
of droplets within diverse microchannel geometries. Drop-
Track’s output, in conjunction with temporal data, facilitate
the extraction of many physical observables pertaining to the
size and spatial disposition of the droplets, as we report in the
next sections.

In this investigation, we systematically explore the variabil-
ity in droplet volume within the context of four distinct geo-
metric microchannels, characterized by varying opening an-
gles α ranging from 30 to 90 degrees (refer to Fig. 1(a)).
Each experiment undergoes scrutiny over a duration of 0.68
seconds, yielding a collection of 2044 frames in video for-
mat. These ones are then analysed by DropTrack, which facil-
itates the generation of bounding boxes encircling individual
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FIG. 2. Instances of DropTrack’s output. The water and oil injection
rates are 300 and 150µl per min respectively. The opening angle (a)
α = 30, (b) α = 45 (c) α = 60 (d) α = 90 degrees. (Multimedia
view).

droplets, with each droplet being assigned a unique identifier.
The size of each droplet is finally approximated by an ellipse
encompassed by the aforementioned bounding box.

III. RESULTS

A. Measuring the deformability as a function of the opening
angle

As the liquid droplets traverse the main channel, shape de-
formations, mainly attributed to the presence of preceding
droplets and the constrained spatial environment, start to oc-
cur, as illustrated in Fig.1a. Maximum deformation of these
droplets is discerned primarily at the initial segment of the exit
channel since, as they progress downstream, spatial confine-
ment reduces and an equilibrium configuration is gradually
attained. The extent of droplet deformability can be quanti-
fied in terms of the ratio of width to height within a bounding
box, as identified through the DropTrack software.

In Fig.3 we show the average maximum aspect ratio mea-
sured within each frame for several values of water and oil
injection rates in microchannels of different opening angles α

(as detailed in Section II). On a general basis, as α increases,
there is a propensity for a decrease in deformability. This is
because augmenting α expands the available space at the in-
ception of the primary channel, thus reducing local packing
density and, consequently, shape deformations. However, the
interrelationship between these parameters follows a complex
pattern. Indeed, the trend deviates from the observations made

FIG. 3. Droplet aspect ratio for various microchannel geometries.
The aspect ratio is measured as the ratio of width to height of the
droplet. The inset labels report water (w) and oil (o) injection rates in
µl per min, while the images show droplets with maximal (top) and
minimal (bottom) deformation for two different values of α . Each
droplet is labelled by a colored bounding box and a number. Increas-
ing the aperture angle diminishes the deformation, basically because
of a reduction of the packing density downstream.

for opening angles exceeding αc ≃ 60◦ (essentially regardless
of the water/oil injection rates explored in the present study)
because, in these cases, the opening becomes sufficiently wide
to allow the droplets to relax towards a quasi-spherical shape.
Notably, the existence of an optimal value of α emerges as a
key factor for the control of droplet morphology during trans-
port, as discussed in the next section.

B. Measuring the size distribution

Since the experimental setup employs a camera capturing
two-dimensional images, in Fig.4a we depict the distribu-
tion of droplet area resulting from four distinct microchan-
nel geometries, keeping constant injection rates of oil and wa-
ter across all configurations. The distribution displays a bi-
modal nature, delineating two discernible groups: this signi-
fies a marked transition in droplet sizes when α exceeds 60
degrees. Note that, within the subgroup constituted by open-
ing angles 30,45 and 60 degrees, the extent of the distribution
spread presents a nuanced pattern with a mean around 4−5×
10−7m2, while for larger angles it shrinks towards lower sizes,
basically because the emulsion turns almost monodisperse
(with smaller circular droplets) under weaker confinement.

Interestingly, the size distribution of the droplets is also sig-
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FIG. 4. (a) Droplet size distribution for four different values of the opening angle α (as shown in Fig.1a). The water injection rate is 300 µl
per min while the oil injection rate is 150 µl per min. If α exceeds 60 degrees, the droplet size undergoes a sharp decrease. (b)-(c) Droplet size
distribution for three oil injection rates (b) and four water injection rates (c). The opening angle is α = 60◦. Increasing the oil rate diminishes
droplet size; this is because the high shear at the nozzle facilitates the rupture of the jet leading to smaller droplets. On the contrary, changing
the water injection rate mildly affects the size. Water (w) and oil (o) injection rates are in µl per min.

nificantly influenced by the injection rates at which oil and
water are injected into the system. In Fig.4b-c, we show the
measured droplet size distribution for various oil (b) and wa-
ter (c) injection rates (while maintaining a constant rate of the
other component) and for α = 60◦. Notably, the droplets ex-
hibit a considerable reduction in size as the oil injection rate
augments while an elevation of the variance as the rate de-
creases. This is essentially due to the increasing shear at the
orifice, an effect that favours the rupture of the water jet and
the formation of smaller droplets. On the contrary, varying
the water injection rate causes minor effects on droplet size
(Fig.4c). In this case, the mean values remain relatively con-
sistent (around 5− 6× 10−7m2) across different rates, while
the distributions display an amplified degree of spread.

In summary, the results discussed so far show that, while
the droplet deformation can be controlled, with good accu-
racy, solely by a geometrical feature of the device (i.e. the
aperture angle), the size exhibits a more intricate behavior, in
which both device design and injection rates of fluids play a
fundamental role.

C. Droplet ordering within the main channel

Alongside discernible variations of droplet dimensions and
configurations in different microchannel geometries, our re-
sults also show that, once in the channel, the droplets attain
a stable ordered arrangement whose degree of organization
depends, once again, on the opening angle as well as on the
injection rates of the fluids. To achieve this, we compute
the hexatic order parameter, denoted as G3, and subsequently
construct its probability distribution function24. Such distri-
bution is graphically represented with respect to the measured
G3 values, defined as G3 = |cos(3θ jik)|. Here, θ jik represents
the angle formed by all droplet triads while maintaining the
central droplet i as a fixed reference point and neighboring

droplets j and k positioned immediately adjacent to droplet
i, as depicted in the inset of Fig.5 (a). This formulation of
G3, which converges towards unity when the angle θ jik as-
sumes multiples of π/3, serves as a robust metric for discern-
ing whether the neighboring droplets of a given droplet i con-
form to a hexagonal lattice arrangement.

The probability distribution function of G3 values, mea-
sured across four distinct geometries, is presented in Fig.5.
Interestingly, the microchannel characterized by an opening
angle of α = 60◦ exhibits a prominent peak with G3 values
reaching unity, thus suggesting that a significant proportion
of the angles (as measured between droplet triads jik) closely
approximate multiples of π/3. Also, the droplets manifest
an intermediate size distribution for this specific geometry (as
depicted in Figure 4), an indication that this one represents
an optimal condition for self-organization into a hexagonal
lattice. In contrast, smaller droplets observed at an opening
angle of α = 90◦ possess greater freedom in their movement,
thereby disrupting the hexagonal order, while larger ones with
an opening angle of α = 45◦ encounter spatial constraints
that limit their ability to achieve hexagonal symmetry. Fur-
ther detailed study is required to establish the relationship be-
tween droplet packing density and equilibrium structures in
microchannels.

As previously mentioned, the propensity for hexagonal lat-
tice formations is also affected by the water/oil injection rates.
In Fig.6 we showcase the G3 distribution obtained when ei-
ther oil (top row) or water (bottom row) rates are varied, for a
fixed microchannel geometry. We find that the configurations
characterized by intermediate droplet sizes (as depicted in the
green plot of Fig.4b and the red one of Fig.4c) showcase the
most conspicuous G3 order parameter peak (see the central
plot, top row, and left plot, bottom row, of Fig.6), likely be-
cause under these conditions the emulsion attains a suitable
balance between droplet size and degree of confinement. In-
deed, this phenomenon is particularly pronounced when the
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FIG. 5. Probability Distribution Function (PDF) of G3 order parameter for various opening angles α (a) 30, (b) 45, (c) 60 and (d) 90 degrees.
The water injection rate is 300 µl per min and the oil one is 150 µl per min. An optimal hexagonal arrangement is found for α ≃ 60◦ where
the distribution displays a pronounced peak at 1. The fat tails observed for other values of α indicate a limited hexagonal order. Inset in (a):
schematic illustration of the geometry of the droplets array used for the calculation of G3.

system exhibits minimal fluctuations in droplet size distribu-
tions, as illustrated for example in the red plot of Fig.4c and
in the corresponding G3 distribution in the left lower panel of
Fig.6.

These observations collectively suggest that the emergence
of a spatial order depends, in a highly non-trivial way, on an
intricate interplay between droplet size, microchannel geom-
etry, and fluid injection rates.

D. Hexagonal structures and packing fraction

In the previous section, the calculation of the G3 order pa-
rameter takes into account all droplets in the channel, thus
including the ones near the walls where perfect hexagonal
symmetry is inevitably absent. Here, we assess the propor-
tion of droplets having precisely six neighboring droplets and
exhibiting a hexatic order parameter exceeding 0.98 for all tri-
ads, thus inherently excluding droplets located at the bound-

aries.

The variation in the fraction of droplets satisfying these cri-
teria is visualized in Fig.7a across diverse experimental pa-
rameters. Unlike the previous cases, here clear and defini-
tive trends are less discernible when considering either exper-
iments with different opening angles or microchannel geome-
tries featuring varying water and oil injection rates. In broad
terms, the fraction of hexagonal structures in the bulk of the
microchannel ranges approximately from 0.1 to 0.35, an indi-
cation that, in the best scenario, only ∼ 35% of droplets self-
organize in a perfect hexagonal configuration. Nonetheless, a
value equal to 0.35 can be considered good enough consider-
ing the stringent criteria employed to identify these hexagonal
structures (which necessitate both exactly six neighbors and a
G3 higher than 0.98) and the limited control on their forma-
tion achieved by solely changing either the injection rates of
fluids or the geometrical setup. Finally, the higher fractions
of hexagonal structures observed in larger systems (see the
results at α = 90◦) is somewhat expected given the inherent
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FIG. 6. Distribution of G3 order parameter for various water (w) and oil (o) injection rates (in µl per min). The opening angle α is kept
constant at 60 degrees. The insets show equilibrium droplet configuration down the main channel. An optimal ordered arrangement (green
plot, top row and red plot, bottom row) is found for droplets of intermediate sizes displaying reduced shape fluctuations. Illustrative images of
droplets in the main channel corresponding to the water and oil injection rates are shown within the insets.

nature of hexagonal packing.

A deeper insight can be gained by computing the droplet
packing fraction, defined as the ratio of the cumulative area
occupied by droplets (which are approximated as ellipses en-
closed within identified bounding boxes) within the channel
with respect to the total channel area. In Fig.7b we show the
packing fraction in four distinct geometries and under varying
flow conditions. It generally ranges from ∼ 0.3 to ∼ 0.8, a
variation mainly due to flow rate changes rather than opening
angles. More specifically, lower values are found for higher
oil injection rates (see, for example, the blue circles in Fig.7b),
basically because the large shear of the dispersed phase hin-
ders the formation of highly packed configurations of droplets.
As the oil rate turns lower, packing fractions stabilize around
0.8 for all values of α explored in the experiment. It is finally
worthwhile to note that these packing fraction measurements
are quickly estimated by DropTrack in real-time, although
their precision can slightly diminish for droplets characterized
by heightened deformability.

IV. DISCUSSION

In summary, we analyze dense emulsion microchips with
varying opening angles and emulsions formed with varying
oil and water injection rates.

Our results show that, while the droplet aspect ratio is found
to diminish for increasing opening angles and essentially re-
gardless of injection rates of fluids, the size distribution of the
droplets as well as their arrangement in the channel exhibit
a more intricate scenario. For fixed values of injection rates
of dispersed and continuous phase, we find a suitable aper-
ture angle αc (approximately equal to 60 degrees in our setup)
where large part of the emulsion self-organizes into a ordered
structure, very likely because of an optimal balance between
droplet size and degree of confinement. For α > αc, droplet
size turns considerably smaller and uniform, basically because
shape deformations become milder under weak confinement,
thus the degree of order is found to decrease. Changing the in-
jection rates of the fluids (keeping constant the aperture angle)
further enriches the picture. Indeed, increasing the oil injec-
tion rate (continuous phase) diminishes the droplet size due to
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FIG. 7. (a) The fraction of hexagonal structures within the main channel for various combinations of experimental parameters. (b) The
droplet packing fraction within the main channel for various combinations of experimental parameters. Its values are mainly controlled by the
oil/water injection rates, while they are very weakly affected by the opening angle. The inset labels show the water injection rate (w) and the
oil injection rate (o) in µl per min. Illustrative images of droplets in the main channel corresponding to the maximum and minimum values of
the observables are shown within the insets.

the high shear at the orifice; on the contrary, augmenting the
water injection rate (dispersed phase) negligibly affects the
medium value while amplifying the spread of the size distribu-
tion. Our findings also suggest that the injection rates of both
fluids can be properly tuned to control the formation of or-
dered structures in the channel. In particular, low rates of the
dispersed phase favour regular hexagonal configurations with
a packing fraction varying from ∼ 0.6 to ∼ 0.8 regardless of
the confinement conditions, while higher values compromise
the stability of such super-structures.

The measurement of droplet size, structural characteristics,
and deformability holds paramount significance in different
contexts ranging from material science for the manufacturing
of scaffolds of tissues46–48, to the biological domain for un-
derstanding the behavior of cell clusters crossing physiologi-
cal constrictions49–52, up to the pharmaceutics for improving
design and functioning of drug delivery products53,54. How-
ever, achieving precise control of droplet features (such as
size distribution while adhering to defined deformability) un-
der highly confined regimes is still a difficult task in the realm
of microchip design. In this investigation, we have elucidated
the intricate interdependency among dimensions, spatial ar-
rangement, and deformability characteristics of droplets as
they flow within the primary channel of a flow-focusing mi-
crochip. This has been done using the deep-learning software
DropTrack which is proven, once more, a powerful platform
to understand the physics of these complex systems and to

potentially predict their behavior. Its demonstrated applica-
bility to various lab’s data pertaining to different microfluidic
experiments considerably limits the risk of overfitting, which
occurs when models perform well within the developer’s setup
but poorly in others. This is particularly important in fluid dy-
namics, where the complexity of the parameter space involv-
ing different scales as well as the details of the device man-
ufacturing may crucially affect performance and results. In
addition, its capability to recognize patterns and non-trivial
dependencies often inaccessible to experiments is a crucial
step to strengthen the model and enhance the automation of
the identification/tracking procedure.

Further in-depth inquiries are imperative to address a num-
ber of questions of relevance for experiments and theory, com-
prising the use of ML tools in microfluidics. On the practical
side, the ability to control flow rates, volume fractions and
interfacial properties to augment the production of droplet-
based soft materials and to standardize their manufacturing
procedure remains a challenge. Much of the complexity raises
from droplet deformability, which introduces non-linearities
in the otherwise linear Stokes flows, together with variations
of the channel geometry, which often affect the dynamics in
unexpected ways14. Alongside these macroscopic effects, a
careful assessment of the near-contact interactions governing
the physics at the scales of the fluid interfaces as well as ther-
mal properties are crucial to control the mechanical stability of
the material55. This highly non-trivial parameter space results
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in a multifarious range of flowing patterns whose features are
exceptionally difficult to predict.

The integration of ML methods to computer simulations
would surely contribute to tackle the complex fluid dynamics
of these multiphase flows as well as to optimize design and
testing, potentially leading a higher rate of experimental suc-
cess and easier commercialization of microfluidic chips56,57.
However, further work is needed to build advanced ML tech-
niques capable of quantifying, for example, the evolution of
droplet shapes and break-up conditions observed under dif-
ferent flow rates, especially in systems composed of tightly
packed droplets where morphological deformations signifi-
cantly depart from elliptical-like geometries. Indeed, a ques-
tion of high relevance concerns the requisite microchip dimen-
sions yielding droplets of desired size and structural attributes.
These improvements could considerably extend the applica-
bility of ML tools to other soft materials such as foam, cells
and tissues. Finally, much efforts should be addressed to scale
up the operation of ML methods to lab-on-chip platforms, in
order to minimize modelling changes caused by the use of dif-
ferent protocols or training datasets.

V. CONCLUSION

In this work, we study the effects of opening angle and in-
jection rates of oil (continuous phase) and water (dispersed
phase) on droplet sizes and resulting emulsion structure within
a fabricated microchip. The physics is captured by a num-
ber of statistical properties, such as aspect ratio, size distri-
bution and hexatic order parameter computed using Drop-
Track, a ML based image analysis tool successfully adopted to
identify and track droplets in microfluidic experiments. This
technique, besides providing accurate and reliable results (as
also demonstrated by previous works41–44), considerably ex-
pedite the analysis, which would typically be a challenging
task owing to the prohibitive labor-intensive nature of tradi-
tional methodologies.

The obtained results reveal that droplets undergo varied de-
formations prior to attaining equilibrium within distinct de-
vices characterized by different opening angles α . The ob-
served diversity in deformations arises from factors such as
the injection rates, available space (as determined by the open-
ing angle α), the droplets’ sizes, the local packing fraction of
adjacent droplets proximal to the main channel entrance and
the characteristics of the device walls. Additionally, an opti-
mal opening angle α is identified, wherein droplets organize
themselves in closest proximity to a hexagonal structure for a
given oil and water injection rate. This investigation encom-
passes the measurement of deformations, droplet size distribu-
tion, and rearrangement, elucidating the intricate relationships
among these parameters concerning microchannel geometry
and injection rates. The machine learning-based tool (Drop-
Track) used here can provide efficient and cost-effective real-
time measurements of the quantities mentioned above. The
findings necessitate further detailed study with finer experi-
ments and simulations for understanding these intricate de-
pendencies, aiming to achieve better control over droplet size

and rearrangements while adhering to specified maximum de-
formation criteria for applications in tissue engineering and
other bio-transport contexts.
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