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Introduction

Pinch-off dynamics of emulsion filaments before
and after polymerization of the internal phasef

Parisa Bazazi (2 **® and Howard A. Stone (2°

The capillary break-up of complex fluid filaments occurs in many scientific and industrial applications,
particularly in bio-printing where both liquid and polymerized droplets exist in the fluid. The simul-
taneous presence of fluid and solid particles within a carrier fluid and their interactions lead to deviations
in the filament break-up from the well-established capillary breakup dynamics of single-phase liquids.
To examine the significance of the dispersed phase and the internal interactions between liquid droplets
and solid particles, we prepare emulsions through photopolymerization and conduct experimental
investigations into the pinch-off dynamics of fluid filaments, focusing on the impact of varying
concentrations of liquid droplets (before polymerization) and polymerized droplets. Despite the increase
in bulk viscosity due to the presence of polymerized droplets in the fluid and their aggregation, the
results show that polymerization significantly reduces the length of the fluid filament before breakup,
thus shortening the duration of pinch-off. We investigate two categories of complex fluids, charac-
terized by their droplet sizes: (i) sub-micrometer droplets and (ii) droplets with an average diameter of
50 micrometers. In emulsions containing sub-micrometer droplets, the individual droplet contributions
remain undetectable during capillary breakup, and the measured pinch-off dynamics predominantly
reflect the bulk shear viscosity or viscoelasticity of the system. This is due to the droplet sizes falling
below our imaging resolution. In contrast, emulsions with larger polymerized droplets exhibit behavior
analogous to single-phase carrier fluids: once the filament's length equals the droplet diameter, the
droplets are expelled. Concurrently, larger liquid droplets are deformed and elongated along the flow
direction. Our study highlights the effect of mixing liquid and polymerized droplets on the capillary
breakup dynamics of fluid filaments, providing insights to formulate 3D printing inks.

and soft living cells. To improve resolution and quality in 3D
bioprinting, it is essential to understand how a filament’s
rheology influences its extensional flow and capillary-driven

Colloidal dispersions are commonly used as inks in droplet-on-
demand 3D printing systems, with applications across food,"™
pharmaceuticals,”” and environmental industries.®” Biofluid
printing, in particular,®° facilitates the fabrication of bio-
logical or colloidal structures that mimic the architecture and
functionality of natural tissues.'"'*> Bio-inks are predominantly
composed of hydrogel-based materials containing colloidal
particles and living cells.”*'* During printing, a bio-ink
filament undergoes breaks up due to the capillary instability,
forming droplets that are often deposited on a solid surface.">®
The printability of these materials depends on the carrier fluid
properties and the characteristics of the hard colloidal particles
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pinch-off dynamics. This understanding allows targeted adjust-
ments to both the bio-ink formulation (e.g., viscosity, elasticity)
and process parameters (e.g, extrusion rate, nozzle geometry),
ensuring consistent filament formation, reduced droplet
generation, and improved structural fidelity of the printed
constructs.

The pinch-off dynamics of droplets have been extensively
studied across a wide range of materials, from simple Newtonian
fluids'”*® to complex, non-Newtonian (yield stress, shear thinning,
and viscoelastic) liquids.">'** For Newtonian liquids, the thin-
ning dynamics often display self-similarity, with a progression
through various stages with distinct time dependencies. Specifi-
cally, these phases are identified by how the minimum neck radius
(Amin) relates to the time approaching pinch-off (1 = ¢, — ),
expressed as i, & 17, where, t, signifies the time of pinch-off
and ¢ represents the observation time.'”'®>**® Although extensive
research has been conducted on the breakup dynamics of
Newtonian and non-Newtonian single-phase liquids, the dynamics
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of multiphase systems, such as emulsions and particle dispersions,
still require further investigation.

Emulsions are mixtures of two immiscible liquids where one
liquid is dispersed in the form of droplets in a continuous
liquid phase, with the droplets stabilized using surfactants,
particles, and/or polymers. Due to their properties, such as
shear-rate-dependent viscosity, viscoelasticity, and the ability
to encapsulate different materials, emulsions have attracted
attention in 3D printing applications.?*' The pinch-off of an
emulsion filament is influenced by droplet size and concen-
tration®** and the types of surface-active agents.*>*® In emul-
sions where droplets are significantly smaller than the dia-
meter of the thinning liquid filament, the pinch-off dynamics
closely mirror those observed in single-phase liquids, where
the emulsion bulk viscosity dominates the process.*>*® For
example, the pinch-off dynamics of emulsions composed of
castor oil droplets dispersed in water, stabilized by 1 wt%
sodium dodecyl sulfate, with an average droplet diameter of
~3 pm, exhibited no significant inhomogeneity during the
pinch-off process. In yield stress emulsions where the volu-
metric concentration of dispersed phase is below 70%, the
minimum neck radius of the thinning filament followed a
power-law exponent of o =&~ 0.67. For emulsions with the
volumetric concentration of dispersed phase above 72%, the
exponent shifted to unity, indicating more viscous behavior.?”
When the emulsion droplet size is comparable to the fluid
filament, it can introduce heterogeneities in the thinning
filament and influence the capillary break-up dynamics.

In contrast to emulsions, where the dispersed phase is liquid
and deformable, in colloidal particle dispersions the dispersed
phase can be solid and rigid. Recent studies indicate that the
presence of particles in the filament introduces a characteristic
length scale to the system, which is influenced by the particle
diameter.*® In particular, a filament of a particle dispersion
with a Newtonian continuous phase thins like a single-phase
Newtonian liquid until a critical point, after which thinning
speeds up, culminating in a particle-free breakage similar to a
Newtonian viscous liquid.**™*" Aside from studies on emulsion
filaments (liquid droplets) and dispersions of hard particles,
the pinch-off dynamics of microgel particle dispersions have
also been investigated in the context of their interfacial assem-
blies. It has been shown that these solid but deformable
particles, such as microgels, induce elastic effects driven by
particle interactions at the interface.*” While the pinch-off
dynamics of emulsions and particle dispersions have been
studied, how filaments behave when composed of both rigid
and deformable droplets is still not well understood. The
unique rheology of mixtures containing both rigid particles
and deformable cells®® initiated our interest in exploring
whether breakup dynamics, such as neck thinning during drop
pinch-off, differ under extensional flow conditions.

In this study, we utilize emulsion photopolymerization to
create colloidal dispersions containing both liquid and poly-
merized droplets. In particular, we make mixtures with various
volume fraction of liquid droplets before polymerization and
after polymerization and study the pinch-off dynamics of these
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colloidal dispersions. We focus on characterizing, and, where
possible, understanding how the polymerization of the dispersed
phase and having a mixture of both liquid and polymerized
dispersed phases influence the filament pinch-off behavior in these
complex fluids. Such understanding is important in many 3D
printing systems, for example, as it directly impacts the response
of bio-ink formulations.

Experiments
Materials

Trimethylolpropane triacrylate (TMPTA, p = 1.10 g cm ™ °) serves
as the oil-based polymer solution. The UV-sensitive photoinitia-
tor (PI) used in this study is 2-hydroxy-2-methylpropiophenone
(p=1.07 g cm™>). A 40 wt% silica nanoparticle dispersion (HS 40,
p = 1.29 g cm™®) is the source for the nanoparticle dispersions
and acts as the stabilizer agent for the emulsions. Glycerol (p =
1.26 g em ) is used as a density modifier, ensuring compat-
ibility in density between the oil and aqueous phases, which
helps to reduce droplet sedimentation during the experiments.
All chemicals were purchased from Sigma. Syringe filters (VWR)
with a membrane pore size of 10 pm were used for filtration of
the emulsions.

Shear rheology

Shear viscosity and viscoelasticity measurements were con-
ducted using a stress-controlled rheometer (Anton Paar Physica
MCR 301) set at 21 °C. The apparatus utilized a roughened
parallel-plate design with a diameter of 50 mm. The use of
roughened plates was chosen to reduce wall slip. The plate gap
was set to 1 mm. During shear rate ramp tests, we maintained a
constant shear rate for a minimum of 30 seconds before
making any adjustments and all experiments were conducted
at shear rates smaller than 100 s . Additionally, we assessed
the elastic and viscous moduli of the suspensions through
small amplitude oscillatory shear rheology (SAOS) with a fixed
strain rate of 1%.

Pinch-off

An emulsion sample was injected vertically with a fixed flow
rate of 0.1 pl s~' (equivalent to an injection speed of ~40 pm
s™'), using a needle with inner diameter (D) of 1.8 mm, into a
glass cuvette. A drop was formed and was approximately at rest
for 10 seconds before thinning starts. We recorded the thinning
of the emulsion thread with a high-speed camera (Phantom
v7.3) at 4000 frames per second (fps) and a resolution of 6.5 pm
per pixel (10x magnification, Nikon). The measurements
yielded the time history of the minimum thread radius 7,y(7),
with t = ¢, — t, where ¢, is the time instant of pinch-off and ¢ is
the time of the experiment.

Interfacial tension

To measure the interfacial tension between the emulsion/
dispersion droplets and the surrounding medium (air), we
employed a pendant drop method. Images of the droplet
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profiles were captured using a camera (Phantom v7.3) and pro-
cessed with the DropSnake plugin in the Image]J software package.
This plugin allows for precise detection of droplet contours and
extraction of geometric parameters necessary for the interfacial
tension calculation. The interfacial tension was determined by
fitting the droplet profiles to the Young-Laplace equation.

Microscopy

The emulsion droplet size distribution was measured using an
inverted fluorescent microscope (Leica DFC 300 FX, Wetzlar,
Germany) at a resolution of 1 pm per pixel.

Emulsion preparation and polymerization

Emulsions were formulated with equal volumes of oil and a
4.0 wt% silica nanoparticle dispersion. Silica nanoparticles
(davg ~ 9 nm) act as stabilizing agents, ensuring the emulsions
remain stable. These nanoparticles provide effective steric
stabilization to the droplets, preventing coalescence and phase
separation by creating a physical barrier between droplets. The
oil phase is a mixture of the monomer (TMPTA) and photo-
initiator (PI) in a 10: 1 volume ratio. We prepared and analyzed
oil-in-water emulsions using two distinct methods, ultra-
sonication and filtration, which we refer to as fine and coarse
emulsions, respectively.

The ultra-sonication of the mixture employs a sonic probe
for one minute at an amplitude of 100 W, producing emulsions
with sub-micrometer droplet sizes (characterized by dynamic
light scattering, Fig. Sla, ESIt). In the filtration method,
initially oil-in-water emulsions are produced using magnetic
stirring for 1 hour at 1000 rpm. Given the oil phase’s higher

Liquid droplets
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density, oil droplets settle to the bottom of the container. These
droplets are subsequently collected with a 1 ml syringe
and passed through a syringe filter with a 10-micrometer pore
size. This filtration process is repeated three times to ensure
a narrow drop size distribution. The filtration method gener-
ates coarse emulsions with an average droplet diameter of
50 micrometers (Fig. S1b, ESIT).

After preparation, the emulsions are exposed to UV light
for 100 seconds at an intensity of 95 mW cm ™2, which results
in a phase change of liquid droplets to solid particles. Post-
polymerization particles from ultra-sonicated emulsions are
separated using centrifuges operating at 25 000 rpm for 10 minutes.
Coarse emulsion droplets separate within 30 minutes without
requiring centrifugation. The settled particles are then redis-
persed in a mixture of 4.0 wt% silica dispersion and glycerol in
a 7:3 volume ratio, maintaining the same density as the
polymerized droplets (p = 1.10 g ml™"). Throughout this study,
the combined volumetric concentration of the dispersed phase
(both liquid and polymerized droplets) is consistently main-
tained at 25% volume fraction relative to the continuous
aqueous phase. Fig. 1 illustrates the emulsion formation,
droplet separation, and formation of the colloidal dispersion
containing both liquid and polymerized droplets.

Results and discussions
1. Shear rheology

We investigate the shear rheology of fine emulsions, generated
through ultra-sonication, and coarse emulsions, generated
via filtration. The experimental results focus on the effective

Polymerized droplets

1. Exposure to UV light

2. Separate the dispersed phase &

re-disperse in the aqueous phase* @  »
— 2o

Qo 9

Pass through a membrane and o

Mixed emulsion

q )
o

Fig. 1 Emulsion formation and polymerization. (a) Equal volumes of oil and aqueous phases before emulsification. Samples are emulsified by mixing two
phases, where yellow droplets represent the liquid droplets. Emulsions are UV polymerized (orange droplets) and centrifuged, and droplets are collected
and re-dispersed in the mixture of a silica dispersion and glycerol at the desired concentration. (b) Microscopic images of fine and coarse emulsions.
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viscosity of emulsions containing both liquid droplets and
polymerized droplets. Fig. 2a and b documents the variation
of emulsion viscosity with shear rate during shear rate ramps
ranging from 1 to 1000 s . Each sequential ramp was conducted
with a 30-second interval for both fine (Fig. 2a) and coarse
(Fig. 2b) emulsions.

When a fraction of the liquid droplets is replaced by poly-
merized droplets, the viscosity of both fine and coarse emul-
sions increases, as demonstrated by the results in Fig. 2a and b.
In fine emulsions (Fig. 2a), the dispersion with 25% liquid
droplets shows a Newtonian-like behavior, where the viscosity
remains constant at approximately 70 mPa s as the shear rate
increases. However, when 8.5% of the liquid droplets are
replaced by polymerized droplets, bringing the concentration
of liquid droplets to 16.5%, the viscosity increases to about
250 mPa s at low shear rates and exhibits shear-thinning
behavior below a shear rate of 10 s~*, above which the viscosity
remains constant at 90 mPa s. As the concentration of
polymerized droplets increases to 12.5%, the viscosity further
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rises to around 700 mPa s, and the shear-thinning behavior
extends over a broader shear rate range, especially below 100 s,
after which the viscosity stabilizes at ~135 mPa s. When the
polymerized droplet concentration reaches 16.5%, the viscosity
exceeds 1000 mPa s at low shear rates and becomes constant at
~150 mPa s. Finally, the polymerized droplet dispersion exhi-
bits shear-thinning behavior over an extended shear rate range,
where it becomes nearly constant at shear rates above 200 s *,
reaching a value of ~180 mPa s.

For coarse emulsions (Fig. 2b), at the same volume fractions,
the viscosity is consistently lower than in fine emulsions.
At 25% liquid droplets, the viscosity starts at around 100 mPa
s at low shear rates and decreases to 18 mPa s as the shear rate
increases to 1000 s ', showing shear-thinning behavior.
As polymerized droplets are added, the viscosity slightly
increases when the liquid droplet concentration is 16.5%,
and the shear-thinning behavior becomes more pronounced
at shear rates below 100 s~*. When the polymerized droplet
concentration reaches 12.5%, the viscosity increases further to
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Fig. 2 Shear rheology of fine and coarse emulsions containing 25.0% volume fraction droplets. The measurements were conducted using a parallel
plate geometry with a fixed gap size of 1 mm. Green triangles: 25.0% volume fraction liquid droplets and no polymerized droplets, blue circles: 16.5%
volume fraction liquid droplets and 8.5% volume fraction polymerized droplet, orange squares: 12.5% volume fraction liquid droplets and 12.5% volume
fraction polymerized droplet, red inverted triangles: 8.5% volume fraction liquid droplets and 16.5% volume fraction polymerized droplet, and black
diamonds: no liquid droplets and 25.0% volume fraction polymerized droplet. Viscosity as a function of shear rate of (a) fine and (b) coarse emulsions.
Frequency sweep test of (c) fine and (d) coarse emulsions. Elastic modulus (G’) and loss modulus (G”) are plotted as a function of frequency.
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around 100 mPa s at 1000 s~ ', and at 25% polymerized droplets,
the viscosity exceeds 200 mPa s, maintaining shear-thinning
behavior across all shear rates.

Emulsions often exhibit shear-thinning behavior. As shear is
applied, the droplets align in the flow direction, reducing their
effective cross-sectional area.’**> This alignment leads to a
decrease in viscosity, so that the fluid flows with less resistance
as the shear rate increases, which is especially relevant to highly
concentrated emulsions.*®*” The emulsion droplet size also
plays a crucial role in determining the effective viscosity and
shear thinning behavior of the emulsion.*® Specifically, when
two emulsion samples have the same volume fractions, the
sample with smaller droplets tends to exhibit higher viscosity,
which is consistent with our measurement (green data points in
Fig. 2a and b). It is essential to recognize that the interpretation
of droplet size should be considered in conjunction with
volume fraction, as this interplay significantly impacts the
emulsion’s rheological characteristics. In hard particle disper-
sions, as the particle size decreases, the surface area to volume
ratio increases, often leading to higher viscosities due to
increased interactions among the particles.**>°

As is well known, particle concentration also plays a signi-
ficant role in determining viscosity. As the concentration of
particles in the suspension increases, the viscosity rises due to
more frequent interactions between particles, which can lead
to the formation of particle clusters that create additional
resistance to flow.>" Moreover, suspensions exhibit non-linear
increases in viscosity, especially when the particles nearly or
actually touch or form structured networks.>>

Our results demonstrate a substantial difference in viscosity
between samples with liquid droplets and samples with poly-
merized droplets, deviating significantly from the Einstein
relation, which assumes non-interacting spherical particles
and is valid at low volume fractions. According to this classical
model, the viscosity of the suspension should increase linearly
with particle volume fraction, with nonlinear effects setting in
already beyond a few volume percent particles, but our findings,
particularly with the polymerized droplets, suggest an additional
contribution due to interparticle forces that are not captured in
the model. Several studies have addressed similar deviations in
complex systems. For instance, investigations into particle-laden
interfaces have shown that when particles interact through attrac-
tive forces, such as van der Waals or depletion interactions, they
can form gels or networks, resulting in a marked increase in the
viscosity and yield stress of the suspension.**** This behavior is
consistent with our observation that the slope of viscosity versus
shear rate for the polymerized droplets is approximately —1, which
suggests a yield stress typical of particle gels or networks.>®

To investigate the potential interactions between polymer-
ized droplets, we conducted a series of flow experiments inside
a capillary tube (see Section 2 of the ESIT). The results show that
as the dispersion of polymerized droplets flows through the
channel, particle clusters form and move together (Fig. S2 and
S3, ESIT), suggesting particle-particle interactions that contri-
bute to the increase in viscosity. These findings highlight the
importance of considering interparticle interactions and

1300 | Soft Matter, 2025, 21,1296-1307
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potential network formation when analyzing the rheological
behavior of colloidal suspensions.

The viscosity of colloidal dispersions is greatly influenced by
the nature of the particles within the suspension. When a
colloidal dispersion contains a mixture of both liquid and
polymerized droplets, the resulting viscosity is a complex inter-
play of the individual characteristics of each particle type
and their interactions with each other and the surrounding
medium. For example, Perazzo et al. (2021) studied, through
experiments and simulations, a mixture of healthy blood cells,
resembling soft particles, and rigid particles. The results
showed that the addition of a small amount (5% volume
fraction) of rigid particles to the blood cells, in a solution
25% volume fraction particles, significantly increases the shear
viscosity of the suspension.** The mixtures of liquid and
polymerized droplets in Fig. 2a and b with the same volume
fraction as samples in Perazzo et al. (2021) indicates the same
trend while our particles/droplets are different in size.

The outcomes of the frequency sweep test in Fig. 2c (fine
emulsion) and Fig. 2d (coarse emulsion) reveal that in the
absence of polymerized droplets the emulsion samples exhib-
ited an elastic behavior, where in all cases the elastic modulus
surpassed the viscous modulus. At 25% droplet concentration,
although the emulsion droplets do not form a percolated network,
they still significantly influence the system’s elasticity through
droplet deformation and interfacial effects. Liquid droplets store
elastic energy as they deform under stress, which contributes to
the elastic response of the emulsion.”® When liquid droplets are
replaced with polymerized droplets, the system loses this ability to
store elastic energy, as polymerized droplet do not deform under
flow.® The interfacial tension between liquid droplets and the
continuous phase also resists deformation, acting like an elastic
spring. This interfacial elasticity plays a crucial role in the overall
elastic modulus. However, polymerized droplet, being rigid, do
not contribute to interfacial elasticity in the same way, leading to a
decrease in elasticity as their concentration increases.””

In summary, at a constant dispersed phase concentration of
25%, increasing the proportion of polymerized droplets while
decreasing liquid droplets alters the emulsion’s rheological
properties: viscosity increases while the elastic modulus decreases.
The higher viscosity arises from stronger hydrodynamic interac-
tions and crowding, as rigid polymerized droplets resist deforma-
tion and amplify the effective volume fraction.>®*® Additionally,
polymerized droplets may form aggregates or transient networks
due to interparticle forces, further hindering flow.®® In contrast,
liquid droplets deform under flow, reducing hydrodynamic drag
and lowering viscosities in emulsions with higher liquid droplet
concentrations.*® These findings align with studies linking viscos-
ity to hydrodynamic interactions,”® crowding effects,”® and droplet
deformability,”® while highlighting interfacial tension’s role in
enhancing elasticity.®"

2. Pinch-off: fine emulsions

We now consider the shape evolution of filaments of fine
emulsions. A series of time-lapse images provides a qualitative
comparison of the thinning behavior between threads of fine

This journal is © The Royal Society of Chemistry 2025
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emulsions (droplet size ~1 pm) containing liquid droplets
(Fig. 3a), polymerized droplets (Fig. 3c), and both (Fig. 3b).
These samples have an equilibrium interfacial tension y.q =
32.3 £ 3 mN m™'. Ohnesorge number (ratio of viscous
to inertial forces and surface tension forces), 0.39 < Oh =

u / \/PVeqR < 1.07; the Reynolds number of these interfacial

driven flows, with typical speed y.q/u, corresponds to 1/0Oh>.
The Oh value increases with an increase in the concentration of
polymerized droplets inside the emulsion thread.

We first observe that the emulsion system with a lower
concentration of polymerized droplets exhibits a longer and
more gradual thinning process (Fig. 3a). As we progress to a
mixture of liquid and polymerized droplets, Fig. 3b, the neck
thins more rapidly and the length of the thread at the moment
of pinch-off is reduced. This intermediate system shows how
the addition of polymerized droplets begins to influence the
pinch-off dynamics, leading to a faster detachment and a
shorter thread length. In Fig. 3c, the emulsion thread with
the highest concentration of polymerized droplets exhibits a
more abrupt thinning behavior. The increased viscosity and
reduced elastic properties of the thread, due to the higher
polymerized droplet content, result in a shorter and more rapid

A Emulsion with liquid droplets

b Liauid (12.5%)-Polymerized (12.5%)

84.00000
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pinch-off process. We interpret this rapid thinning to indicate
that the polymerized droplets form some clusters, which resist
deformation and facilitates faster breakup.

To identify the filament length scale below which the thin-
ning velocity becomes constant, we calculate —dhy,;,/d¢ and
plot it as a function of A,i,. This helps us determine when the
system transitions to a power-law regime.'” For the emulsion
with 25% liquid droplets, the thinning velocity remains rela-
tively constant at ~50 um ms™ " for length scales below 200 pum.
As the proportion of polymerized droplets increases, the rate
of thinning becomes faster, particularly at smaller 7Z,;,. The
system with 25% polymerized droplets exhibits the most abrupt
thinning behavior, ~110 pum ms™", increasing sharply as Apn,
decreases. The water system shows a faster thinning rate
compared to the emulsions, while the glycerol system demon-
strates a slower thinning (Fig. 4a). The corresponding timescale
at which the thinning velocity remains unchanged upon decreas-
ing neck radius is selected for pinch-off exponent analysis
in Fig. 4b.

To understand the effect of particle rigidity on the pinch-off
of colloidal dispersions containing both liquid and polymer-
ized droplets, we first discuss the pinch-off dynamics of single-
phase liquids with a three magnitude difference in viscosity,

C Emulsion with polymerized droplets
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Fig. 3 Shape evolution of fine emulsion filaments containing 25.0% volume fraction droplets. (a) and (a’) 25.0% volume fraction liquid droplets and no
polymerized droplets, (b) and (b’) 12.5% volume fraction liquid droplets and 12.5% volume fraction polymerized droplets, (c) and (c’) no liquid droplets and
25.0% volume fraction polymerized droplets. The instant of pinch-off is denoted as t, and the time difference between pinch-off and the given time is
indicated by 7 = t, — t. (a)-(c) A time series of images from the neck formation until the break-up for each emulsion sample. (a’)-(c’) The overlapped
boundaries of the extracted drops, emphasizing the visual distinctions among emulsion samples with varying concentrations of liquid and polymerized
droplets.
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Fig. 4 Dynamic of fine emulsions filament pinch-off. (a) The relationship between the rate of change of the minimum filament thickness, — ! ,and the
minimum filament thickness, hyin, for different emulsion systems with varying ratios of liquid and polymerized droplets. The x-axis represents hpin in
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neck radius as a function of time to pinch-off. Green triangles: 25.0% volume fraction liquid droplets and no polymerized droplets, blue circles: 16.5%
volume fraction liquid droplets and 8.5% volume fraction polymerized droplets, orange squares: 12.5% volume fraction liquid droplets and 12.5% volume
fraction polymerized droplets, red inverted triangles: 8.5% volume fraction liquid droplets and 16.5% volume fraction polymerized droplets, black
diamonds: no liquid droplets and 25.0% volume fraction polymerized droplets, gray stars: water, and brown stars: glycerol. (c) Images of water, glycerol,

and emulsion filaments 0.25 ms before pinch-off.

specifically water (Oh = 0.004) and glycerol (Oh = 4.4). In the
case of water (gray stars in Fig. 4b), the neck radius decreases
proportional to >, known as the capillary-inertia regime. In
contrast, for glycerol (brown stars in Fig. 4b), the neck radius
decreases proportional to t, referred to as the capillary-viscous
regime. Additionally, the images of water and glycerol drops
taken 0.25 ms before pinch-off (Fig. 4c) reveal a significant
sixfold increase in the length of the liquid filament as the
viscosity increases from 1 to 1250 mPa s. Higher viscosity
typically leads to slower droplet detachment due to increased
internal resistance to flow. Therefore, we expect longer filaments
as the droplet stretches before eventually pinching off.

Next, we consider two-phase liquid samples, i.e., emulsions,
and observe in Fig. 4b that the neck radius decreases with ,
regardless of the concentration of liquid and polymerized
droplets. In contrast to single-phase liquids, an increase in
emulsion viscosity from 72 to 185 mPa s leads to a reduction in
the length of the liquid filament by 40%, as shown in Fig. 4c.

The dynamics of droplet pinch-off in two-phase colloidal
dispersions present a contrast to those observed in single-
phase liquids like water and glycerol, e.g., interfacial tension
and rheological properties can play significant roles in dictating
the pinch-off behavior. The colloidal dispersion used in this

1302 | Soft Matter, 2025, 21,1296-1307

study have similar values of interfacial tension. Emulsions con-
taining liquid droplets that have higher elastic moduli exhibited
longer liquid filaments before pinch-off (Fig. 3b), indicating the
dominance of elastic forces in stretching the liquid filament.
However, an inverse relationship is observed between the viscoe-
lastic properties and the concentration of polymerized droplets
(Fig. 2c, d and 3b, c). The competition between the fluid’s
viscosity and elasticity, which characterizes its ability to regain
shape post-deformation, could be a key factor in determining the
behavior of multiphase liquid filaments at pinch-off. Here, we
observe that samples containing polymerized droplets have lower
elastic moduli and exhibit faster pinch-off and shorter filament
lengths (Fig. 3b-d). The rigidity of these particles resists the
typical elongation and deformation seen in particle-free viscous
fluids, thus reducing the filament length.

In our study, both viscosity and elasticity play critical roles in
determining the deformation and length of the emulsion
filaments during pinch-off. Higher viscosity increases the resis-
tance to flow, meaning the filament stretches for a longer time
before breaking because the viscous forces resist the capillary
forces driving the thinning. As a result, a more viscous fluid
tends to form longer filaments. Elasticity, on the other hand,
refers to the ability of the fluid to store and recover energy when

This journal is © The Royal Society of Chemistry 2025
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deformed. In viscoelastic emulsions, elastic forces act like a
restoring mechanism during filament thinning. As the filament
is stretched, elastic energy is stored, which resists further
deformation. This stored energy also helps extend the filament
length before pinch-off.'® Thus, both viscosity and elasticity act
to prolong the filament length, but through different mechan-
isms. Viscosity dissipates energy, slowing down the flow, while
elasticity stores energy, resisting further deformation. In our
observations, however, the balance between these two factors
shows that reduced elasticity (due to fewer deformable liquid
droplets) tends to shorten the filament more than the increased
viscosity extends it. Even though higher viscosity slows down
neck thinning, the loss of elasticity plays a more significant role
in leading to faster pinch-off and shorter filaments, as the system
can no longer store as much elastic energy to resist deformation.

For fine emulsions, the droplet and particle sizes are below
the resolution limit of 10 micrometers. Therefore, the pinch-off
dynamics observed at scales larger than this limit are primarily
influenced by the bulk emulsion, rather than the individual
droplets. As a result, we do not capture the effects of single
droplets on the pinch-off process, but instead observe and
report their collective impact on the overall dynamics. Addi-
tionally, while the crossover from viscous to inertial regimes

A Emulsion with liquid droplets

b Liquid (12.5%)-Polymerized (12.5%)

;
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has been discussed in previous theoretical works,*® capturing
this transition experimentally requires higher spatio-temporal
resolution, which is beyond the capabilities of our current
setup.

3. Pinch-off: coarse emulsions

Next, we present the results for coarse emulsions. Fig. 5 pre-
sents a time series of coarse emulsion pinch-off processes,
comparing the behavior of liquid, polymerized, and mixed
droplet emulsions. Panels a-c depict the evolution of the liquid
thread as the neck thins and eventually breaks, while panels
a’-c¢’ show the corresponding neck profiles at various time
intervals before pinch-off. In Fig. 5a, the emulsion composed
entirely of liquid droplets exhibits a relatively long liquid thread
before the pinch-off. There are multiple pinch-off points, as the
filament thins unevenly at several locations. In Fig. 5b, a mixed
emulsion (12.5% liquid and 12.5% polymerized droplets)
shows a reduced thread length and fewer pinch-off points
compared to the emulsion with liquid droplets. The presence
of polymerized droplets limits the filament’s deformability,
reducing the number of heterogeneities along length and
resulting in fewer pinch-off points. In Fig. 5c, the polymerized
droplet emulsion shows the shortest thread length before

C Emulsion with polymerized droplets

?ﬁ

=5 '
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Fig. 5 Shape evolution of coarse emulsion filaments containing 25.0% volume fraction droplets. (a) and (a’) 25.0% volume fraction liquid droplets and no
polymerized droplets, (b) and (b’) 12.5% volume fraction liquid droplets and 12.5% volume fraction polymerized droplets, (c) and (c’) no liquid droplets and
25.0% volume fraction polymerized droplets. The instant of pinch-off is denoted as t, and the time difference between pinch-off and given time is
indicated by © = t, — t. (a)-(c) Time series of images from the neck formation until the break-up for each emulsion sample. (a’)-(c’) Overlapped
boundaries of the extracted drops, emphasizing the visual distinctions among emulsion samples with varying concentrations of liquid and polymerized
droplets.
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pinch-off, with a single, well-defined pinch-off point. Overall,
the images show that increasing the concentration of polymer-
ized droplets shortens the filament and accelerates the pinch-
off process, with fewer and more uniform breakage points.

Fig. 6a shows the pinch-off velocity versus minimum neck
radius. Similar to the fine emulsions, emulsions with higher
concentrations of polymerized droplets have higher speeds,
which is 2.5 higher for 25% polymerized droplet compared to
25% liquid particles. For the emulsion with liquid droplets, the
neck radius decreases with 7 (Fig. 6b), similar to the behavior
observed in the fine emulsion samples with liquid droplets.
However, in emulsions containing both liquid and polymerized
droplets, the neck radius decreases with t°7**%% indicating a
slightly smaller exponent compared to the fine emulsion sam-
ples. Furthermore, the pinch-off dynamics in coarse emulsions
with polymerized droplets follow Any, ~ t>°, which closely
resembles the pinch-off behavior observed in water droplets.
This suggests the expulsion of polymerized droplets from the
neck region during pinch-off (Fig. 6¢c and Movies S3 and S4,
ESIY), so that the final stages are dominated by the properties
of the continuous phase.

The expulsion of polymerized particles from the neck
region during the pinch-off of the filament is controlled by a

a 120 Liquid (25%)-Polymerized (0%)
Liquid (16.5%)-Polymerized (8.5%)
Liquid (12.5%)-Polymerized (12.5%)
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Fig. 6 Dynamic of coarse emulsions filament pinch-off. (a) The relationship between the rate of change of the minimum filament thickness, —
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combination of capillary forces and hydrodynamic stresses,
which become increasingly significant as the filament thins.
Capillary forces, which aim to minimize the surface area of the
fluid filament, dominate the thinning process and result in
rapid narrowing of the neck.”® As the neck radius decreases, the
velocity of the fluid within the neck region increases, leading
to enhanced hydrodynamic forces—particularly pressure gra-
dients. These forces carry particles along with the accelerating
fluid flow, which becomes more pronounced as the neck
continues to thin.*®* When the neck diameter approaches
the size of the polymerized particles, steric hindrance becomes
significant. At this critical point, the polymerized particles can
no longer be accommodated within the thinning filament due
to their inability to deform, resulting in their expulsion from
the neck region. The increased capillary pressure in the narrow-
ing neck, combined with the rigidity of the particles, forces
them out of the filament. Additionally, repulsive interactions
between particles, such as electrostatic or steric forces, may
contribute to this expulsion by promoting particle displace-
ment away from the neck region.

Thievenaz and Suaret (2022) reported that during the pinch-
off of suspensions, the dynamics shift from a homogeneous
regime (where the suspension behaves like a viscous liquid) to a

l) 102

E)
A 102
8
i f i
i % Liquid (25%)-Polymerized (0%)
. Liquid (16.5%)-Polymerized (8.5%)
10t Liquid (12.5%)-Polymerized (12.5%)
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10!
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Accumulation off
hard particles

‘-i_—‘

dhmin

,and
.

the minimum filament thickness, hyin, for different emulsion systems with varying ratios of liquid and polymerized droplets. (b) The minimum neck radius
as a function of time. Green triangles: 25.0% volume fraction liquid droplets and no polymerized droplets, blue circles: 16.5% volume fraction liquid
droplets and 8.5% volume fraction polymerized droplets, orange squares: 12.5% volume fraction liquid droplets and 12.5% volume fraction polymerized
droplets, red inverted triangles: 8.5% volume fraction liquid droplets and 16.5% volume fraction polymerized droplets, black diamonds: no liquid droplets
and 25.0% volume fraction polymerized droplets. (c) Images of emulsion filaments 0.25 ms before the pinch-off.
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heterogeneous regime (where particle size and concentration
become significant). Initially, the filament thins down uni-
formly, but once the thickness approaches a critical value
related to the particle size, the dynamics change.*’ The
presence of particles disrupts the thinning process, leading to
localized fluctuations in particle concentration. The critical
filament thickness depends both on the particle diameter and
the volume fraction of the suspension. Specifically, the transi-
tion to the heterogeneous regime occurs at a critical thickness,
which is much larger than the particle diameter, particularly at
high volume fractions. At a particle volume fraction of 25%, the
critical filament thickness is estimated to range between 2 to
5 times the particle diameter. Once the filament thins below
this critical thickness, the particles begin to separate, marking
the end of the dislocation regime. As the thinning continues,
the dynamics accelerate as the suspension shifts from being
governed by particle-particle interactions to being dominated
by the behavior of the interstitial fluid.

The introduction of polymerized droplets into emulsion
systems significantly reduces the pinch-off time compared to
systems consisting solely of liquid droplets. In fine emulsions
(Fig. 4), for example, a filament containing 25% liquid droplets
requires approximately 300 milliseconds to reach pinch-off
(Fig. 4a). When the emulsion composition is adjusted to 16.5%
liquid droplets and 8.5% polymerized droplets, the pinch-off
time decreases to about 200 milliseconds. This decreasing trend
continues with higher concentrations of polymerized droplets; an
emulsion with 12.5% polymerized droplets exhibits a pinch-off
time of around 120 milliseconds. The most pronounced reduction
is observed in the system with 25% polymerized droplets, which
reaches pinch-off in approximately 70 milliseconds.

A similar behavior is observed in coarse emulsions (Fig. 6).
The system with 25% liquid droplets has a pinch-off time of
approximately 320 milliseconds. Incorporating 12.5% liquid
droplets and 12.5% polymerized droplets reduces the pinch-
off time to about 150 milliseconds. The system containing 25%
polymerized droplets shows a substantial reduction, reaching
pinch-off in approximately 80 milliseconds. Coarse emulsions,
characterized by larger droplet sizes, generally exhibit longer
pinch-off times than fine emulsions due to the greater deform-
ability of the liquid droplets. However, increasing the concen-
tration of polymerized droplets leads to a more pronounced
decrease in pinch-off time in both fine and coarse emulsion
systems. Similar to the findings for fine emulsions shown in
Fig. 4c, an increase in emulsion viscosity from 22 to 105 mPa s
leads to a reduction in the length of the liquid filament before
break-up. The presence of heterogeneities in the emulsion
samples with liquid droplets highlights the entrapment of
liquid droplets within the filament.

Conclusion

In summary, we conducted a comprehensive investigation into
the pinch-off dynamics of filaments formed by complex colloidal
dispersions. Our study primarily focused on emulsions containing

This journal is © The Royal Society of Chemistry 2025
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varying concentrations of liquid and polymerized droplets while
maintaining a constant overall volumetric concentration. The
findings demonstrated that the existence of polymerized droplets
in the emulsion reduces the length of the liquid thread before
it breaks and speeds up the entire neck thinning process.
We interpret this phenomenon as a result of the enhanced
stiffness of the droplets, correspondingly, the decreased elastic
modulus of the emulsion, and the increased aggregation tenden-
cies among the droplets after polymerization. The trials with
small and large emulsion droplets additionally highlight the
impact of droplet size on the dynamics of filament pinch-off.
When emulsions are made up of submicrometer droplets, these
droplets often remain trapped in the filaments. On the other
hand, when emulsions have larger droplets, these droplets are
more likely to be pushed out, particularly when the filaments are
similar in length to the droplet size, which then leads to dynamics
of a thread of solvent. This difference emphasizes the importance
of droplet size in influencing the filament behavior and how long
the thread remains stable during the pinch-off process.

In this study, the total droplet concentration was fixed at
25% volume fraction. An increase in overall concentration would
result in an enhance droplet-droplet interactions, leading to an
increase in effective viscosity and significantly influencing the
filament thinning dynamics. In systems with higher concentra-
tions of liquid droplets, this could result in multiple pinch-off
points due to the entrapment of liquid deformable droplets along
the filament. In contrast, systems with higher concentrations of
polymerized droplets may experience more pronounced particle
aggregation, and in extreme cases, jamming may occur, poten-
tially inhibiting the droplet pinch-off process. At lower total
particle concentrations, the influence of particle-particle interac-
tions diminishes, causing the system’s behavior to more closely
resemble that of a Newtonian fluid. In systems with liquid
droplets at these reduced concentrations, the limited interactions
between deformable droplets lead to more uniform filament
thinning and delayed pinch-off, as the effects of droplet deform-
ability become less significant. In polymerized droplet-dominated
systems, the reduction in particle interactions allows the filament
to elongate more freely, resulting in a more gradual pinch-off with
less pronounced effects from individual particles on the thinning
dynamics. These findings suggest that variations in total particle
concentration could have a significant impact on the pinch-off
dynamics, and this remains a subject for future research.
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