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This Letter explores the influence of colloids at liquid-liquid interfaces on droplet
pinch-off dynamics in microfluidic devices, examining hard polystyrene particles and
soft pNIPAM microgels. We uncover a significant deviation in droplet formation time
compared to pure systems, similarly to surfactant-laden systems, yet notably, colloids exert
minimal impact on droplet size, indicating potential nonlinear effects. The dynamics of
neck thinning without colloids agree with the classic pendant drop scaling laws, while
particle presence replaces traditional viscous and inertial-viscous regimes with a single
power law, suggesting an elastic behavior driven by soft particle interactions.
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Introduction. Liquid dripping and droplet detachment is a phenomenon of great interest in various
fields. Precise control of droplet formation is fundamental for several scientific and industrial
applications, from inkjet printing to material synthesis and targeted drug delivery [1,2]. In such
processes, clear understanding of the pinch-off dynamics is key to finely tune the final droplet sizes.

Stemming from the initial works of Egger [3] and Papageorgiou [4], scaling theories of pinch off
have been developed over the past decades with the aim of understanding and describing the force
balance applied on the droplet neck during the thinning stage [5–7]. In a pendant drop configuration,
the thinning dynamics leading to the final pinch off evolve over time according to the dominant
force balance. For a Newtonian fluid, if inertia dominates, the thinning occurs in the inertial regime
(type I) [8–10]. In this regime, the balance between inertial and capillary forces leads to hmin ∼ τ 2/3,
where hmin is the minimum radius of the liquid filament and τ is the pinch-off time. Similarly,
if viscous effects dominate, thinning occurs in the viscous regime (type V) [4]. In this case, the
balance between viscous and capillary forces controls the dynamics, leading to a different scaling,
hmin ∼ (KV /Oh)τ , where KV is a constant (i.e., KV = 0.0709 for a pendant drop in air), and Oh is the
Ohnesorge number. Independently of the initial thinning regime (i.e., type I or V), when hmin tends to
zero, the pinch off always occurs in the inertial-viscous regime (type IV), where the balance between
inertial, viscous and capillary forces yields hmin = (KIV /Oh)τ , with the constant KIV = 0.0304 for
a pendant drop in air [3,5]. In general, when both phases, i.e., drop and surrounding fluid, are
Newtonian, the scaling laws described above were found to always hold, with only a modification
in the prefactors KV and KIV depending on the viscosity ratio of the two phases [11,12]. Finally, for
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Oh < 1, it was shown that the pinch-off process always goes through the three different regimes,
following the route I → V → IV [5,6,13].

In the presence of surface active agents, the self-similar character of the thinning dynamics
still holds. However, additional stress components at the interface can slow down the dynamics.
For instance, for surfactant-laden unconfined filaments, Marangoni stresses induced by gradients
of the local interfacial tension were found to slow down the thinning dynamics [6,14,15]. This
phenomenon suggests a route to tune the droplet formation in different configurations such as
microfluidic channels, which could prove advantageous from a processing standpoint. Microfluidic
systems offer a valuable route to quickly obtain droplets with monodisperse sizes at constant
formation rates [16]. In these devices, the dripping regime is typically used to ensure regular droplet
generation, while addition of surfactants enables tuning of the droplet formation time [17–19]. For
these systems, the decrease in formation time is attributed to a reduction in interfacial tension. This,
in turn, leads to a decrease in the final droplet size, a factor that may be undesirable depending on
the specific application.

The use of colloidal particles as interface stabilisers has emerged as an alternative to surfactants
[20–22]. The possibility of tuning particle properties to obtain targeted functionalities [23], as
well as the higher flexibility to address sustainability issues posed by surfactants, makes particle-
stabilized interfaces extremely attractive for the development of advanced materials [24,25]. Unlike
surfactant molecules, solid particles can irreversibly adsorb at the interface, yielding complex
interfacial properties [26,27]. Adsorbed particles can alter the macroscopic, or apparent, interfacial
tension and simultaneously induce interfacial viscoelastic responses that can affect the droplet
formation dynamics. For unconfined drops, few studies have found that interfacial rheology effects,
induced by particles interfacial networks, can modify the pinch-off dynamics by altering the balance
between viscous and capillary forces (regime V) [7,28,29]. Nonetheless, a clear understanding
of the role of interfacial rheology and specific colloidal particle attributes on these dynamics is
still missing. Additionally, the applicability of the scaling laws described above when the drop is
confined and surrounded by convective flows, as in a microfluidic device, has not been directly
investigated.

In this Letter, we investigate experimentally the effects of colloidal-laden liquid-liquid interfaces
on the droplet pinch-off dynamics in a microfluidic device. We find that the presence of colloidal
particles at the interface does not significantly change the final droplet size, even when the interfacial
tension is reduced, unlike surfactants. The droplet formation time, however is affected. Using the
scaling theories, the analysis of the droplet neck thinning shows a clear modification of the pinch-off
dynamics, implying a transition toward a non-Newtonian behavior as the particle concentration
increases. Overall, the results indicate that the scaling behavior is dictated by particle interactions,
rather than the properties of individual particles.

Results. All experiments were performed in a T-junction microchannel. The dispersed phase
(water) was introduced through the side channel with a flow rate Qd of 50 µL min−1 and the
continuous phase (dodecane) through the main channel with a flow rate Qc of 100 µL min−1

(see the Supplemental Material [30]), as shown in Fig. 1(a). To investigate the effect of different
particle attributes, we employed two sets of colloids, i.e., hard colloids (polystyrene particles -
PS) and soft colloids (pNIPAM microgels - MG), with a similar radius of respectively 181 nm
and 174 nm (see the Supplemental Material [30] for details on colloids synthesis and properties).
Both sets of colloidal particles were added in the aqueous phase at different concentrations. The
characteristic Péclet number [Pe ≡ Urc/D, where U = (Qd + Qc)/Aj is the superficial velocity
calculated at the channel junction—refer to Fig. S1 for characteristic sizes—, rc is the colloids
radius, and D = kbT/6πµwrc is the brownian diffusion coefficient] for both sets of colloids is
1.3·104 and 1.2·104 for the PS and MG, respectively. This indicates that convection dominates
the transport of colloids and we expect particle attachment to be facilitated by the strong kinetic
energy, which pushes the particles in the proximity of the interface. All the stages of the droplet
generation, from expansion to detachment, were recorded with a high-speed camera (Phantom
VEO 1310) at a frequency of 20 kHz and average spatial resolution of 2.3 µm [Fig. 1(a)]. We
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FIG. 1. (a) Pinch-off dynamics of a colloid-laden droplet of water (PS 0.60%wt) in dodecane inside a
T-junction microchannel; (b) Evolution of the time to pinch-off (tp) normalized by the capillary time (tγ )
for different concentrations of colloids; (c) Evolution of the droplet diameter (d) normalized by the channel
diameter (D) for different concentrations of colloids. In both graphics, squares are used for pNIPAM microgels
(MG) and circles for polystyrene particles (PS). The error bars, within the symbols, show the standard
deviation.

first present the effect of the colloids on the global characteristics of the droplet formation, e.g.,
formation time and droplet size. Figure 1(b) shows the effect of particle concentration on the
average formation time of the droplets, or the time to pinch off, tp, scaled by the capillary time

tγ =
√

ρd h3
0/γ , where ρd , h0, and γ are respectively the density of the liquid droplet, the neck radius

when the thinning starts, and the interfacial tension. For low concentrations of PS (c = 0.29%wt),
similarly to the pure case, the pinch off occurs around 70tγ implying almost no modification of
the system. However, for higher particle concentrations (c = 0.45%wt and 0.60%wt) the droplet
pinch-off time decreases to values around 40tγ , highlighting a clear effect on the break-up dynamics
when enough PS particles reach the interface. This decrease of tp can also be observed for a low
concentration of MG (c = 0.30%wt) showing a tendency of the soft particles to be more easily
adsorbed at the interface than the solid particles used in this study. Moreover, the reduction of
tp is significantly enhanced (tp ∼ 20tγ ) with MG compared to solid particles for equivalent mass
concentration (c = 0.48%wt, 0.64%wt). Nevertheless, both sets of particles show that, similarly
to surfactant molecules [31], colloids can decrease the droplet formation time in microfluidic
systems.

In contrast, no significant effects on the average droplet size can be observed. Figure 1(c)
shows the formed droplet size (d) normalized by the channel diameter (D) as the concentration
of both solid and soft colloids is increased. As expected, due to their similar interfacial tension
(γ = 44.0 mN m−1 for the colloid-free case and γ = 40.5 mN m−1 for the PS), no size mod-
ifications are observed for the droplet loaded with PS compared to the colloid-free droplet. But
surprisingly for the MG, even with a significant decrease of interfacial tension (γ = 16.8 mN m−1),
we observe just a minor impact on the droplet size with a maximal reduction of 15% for the highest
concentration (c = 0.64%wt). The conservation of droplet size, alongside a decrease in pinch-off
time (tp/tγ ) for colloid-laden droplets, underscores a shift in pinch-off dynamics and the onset of
nonlinear phenomena.
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FIG. 2. Evolution of the normalized minimum neck radius with the pinch-off time for the colloid-free case
(Oh = 0.020). The thinning follows the route I (green line) → V (pink line) → IV (black dashed line), found
also for unconfined droplets for Oh < 1. The error bars, within the symbols, show the standard deviation.

To quantify the colloids impact on the pinch off, the thinning dynamics for the colloid-free
case are first shown as reference. In Fig. 2, we report the evolution of the normalized minimum
neck radius h̃min = hmin/h0 with the normalized pinch-off time τ̃ = τ/tγ = (tp − t )/tγ , where t is
the time of the experiment. For the pure case Oh = μd/

√
ρd h0γ is equal to 0.020. Similarly to

pendant drop studies [5,6,13] for Oh < 1, the pinch off follows the three classic regimes described
in the introduction. Due to the high velocity forced by the flow focusing geometry at the inlet of
the T junction, the neck thinning starts with the inertial regime (I) identified by the scaling law
h̃min ∼ τ̃ 2/3. Around h̃min ∼ 0.5, the inertia regime is replaced by the viscous regime (V) as the
viscous drag increases with the growth of the forming droplet [17], following the linear scaling
h̃min ∼ (KV /Oh)τ̃ . However, KV = 2.02 × 10−4 instead of 0.0709, typically found in unconfined
configurations for gas/liquid systems [4,5]. The persistence of the power-law index highlights that
the self-similarity of the neck thinning is preserved also in confined geometries, with a difference
only in the prefactor KV , which depends on the viscosity ratio [12] and the geometry of the channel
[32]. Finally, the expected inertial-viscous regime (IV) leads the final stage toward the pinch off
with h̃min = (KIV /Oh)τ̃ , with KIV = 7.10 × 10−4. Similarly to KV , KIV also depends on the system
parameters. This regime transition I → V → IV for colloid-free droplets can be used as a reference
for the pinch-off dynamics in our specific geometry, thus helping to highlight the effect of colloids
during the droplet formation.

Figure 3 shows the evolution of h̃min with τ̃ for different concentrations of colloids. Given the
similarity in interfacial tension, all the PS cases have a similar Ohnesorge number to the colloid-free
case, i.e., Oh = 0.021. For the lowest PS concentration (c = 0.29%wt), the thinning dynamics
recover the same behavior observed for the colloid-free case [Fig. 3(a)], following the transition
I → V → IV. This confirms the result observed in Figs. 1(b) and 1(c), where PS particles at this
concentration appear to not modify the global characteristics of the droplet formation process.
However, for higher concentrations, c = 0.45 − 0.60%wt, even if the film thinning still begins with
the inertial regime (I), the viscous regime (V) shifts from a linear behavior toward a power law one
(h̃min = 0.060τ̃ 0.65 for c = 0.45%wt and h̃min = 0.061τ̃ 0.64 for c = 0.60%wt) [Figs. 3(b) and 3(c)].

A very similar behavior is observed when using the soft microgels. In this case the Ohnesorge
number is slightly higher (Oh = 0.033), but still lower than one, hence we would expect to observe
the transition I → V → IV. As shown in Fig. 3, for all MG concentrations, the initial inertial regime
(I) is preserved until h̃min ∼ 0.5, but the classic regimes (V) and (IV) are not recovered anymore. As
for the higher concentrations of PS, the final thinning process can be scaled by a new power law:
h̃min = ατ̃ p with [α, p] = [0.114, 0.60], [0.130,0.57], and [0.144,0.54] for c = 0.30%wt, 0.48%wt,
and 0.64%wt, respectively. This power law defines a new regime (VP) and highlights that for
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FIG. 3. Evolution of normalized minimum neck radius with the pinch-off time for the PS-laden cases
(top row) and the MG-laden cases (bottom row). For PS, c = 0.29%wt, the thinning follows the route
I → V → IV while for all other cases the thinning follows the route I → P (:= h̃min = ατ̃ p). The error
bars, within the symbols, show the standard deviation. All details about the fitting process can be found in
Supplemental Material [30].

colloid-laden droplets nonlinear phenomena modify the classic force balance found in Newtonian
systems.

The transition to regime (VP) shows similarities with observations of the pinch-off process for
non-Newtonian (power-law) fluids, where the power law exponent was found to be linked to the
shear-thinning index [33,34]. Despite the Newtonian bulk properties of the fluids, the shift from
regimes V and IV to VP serves as a key indicator of the emergence of viscoelastic effects at the
interface. In a recent study on the pinch-off dynamics of an unconfined pendant drop loaded with
silica particles, the authors reported the onset of nonlinearities in the scaling law of the viscous
regime, which they associated to viscoelastic effects of the interface [7]. In our case, due to the
strong flow recirculation in the droplet during its formation [31,35], particle transport at the interface
can be enhanced compared to larger scales. This transport mechanism can explain the shifts in
pinch-off dynamics observed with the increase of particle bulk concentration. The evolution with
colloids loading becomes evident when plotting the power law coefficients against particle volume
fraction � in the bulk, as reported in Fig. 4(a), where the power law index p and the normalized
prefactor α/Oh are shown for both PS (circles) and MG (squares) particles. The colloids start
to affect the droplet formation dynamics for � � 0.0043, corresponding to c = 0.45%wt for PS
particles. The prefactor α/Oh increases linearly with � while p decreases linearly, yielding the
following generalized scaling:

h̃min = α(�, Oh)τ̃ p(�). (1)

The generality of the scaling with �, independently of the type of particles, suggests that MG
and PS exhibit similar behavior at the interface during the droplet formation process, despite their
inherent differences in physical properties. Dilational rheology measurements, as detailed in the
Supplemental Material [30], and illustrated in Fig. 4(b), provide further evidence supporting the
analogy between these two sets of colloids. Figure 4(b) shows the evolution of both the elastic
(E ′) and viscous (E ′′) dilational moduli of MG and PS monolayers as a function of the apparent
interfacial pressure �a. In these measurements, an increase of �a is equivalent to an increase of
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FIG. 4. (a) Evolution of the coefficients α and p of the regime (P) with the solid volume fraction �.
(b) Evolution of the elastic and viscous moduli E ′ (filled symbols) and E ′′ (empty symbols) with the interfacial
pressure (�a). The squares are the PNIPAM microgels (MG) and the circles are the polystyrene spheres (PS).

interfacial particle concentration, cs. For both particle systems, the elastic component E ′ dominates
over the viscous E ′′ one, even at low interfacial pressures, showing that elastic effects can be
measured even at low interfacial particle concentrations. Interestingly, the values of E ′ overlap for
both colloids indicating similar interparticle interactions. MG networks at intermediate interfacial
pressures are typically characterized by “soft” interactions [36], showing a nonmonotonic trend
of E ′, as reported in Fig. 4(b) [37,38]. For hard colloids, soft interactions are also dominant at
intermediate cs for highly charged particles, as a consequence of strong electrostatic repulsions
[39], which is the case for the PS particles used in this study (see Table S.2 in the Supplemental
Material [30]). Hence, the consistent trends observed in both the interfacial dilational properties and
the scaling parameters suggest that the pinch-off dynamics in microfluidic systems are altered in the
presence of colloids due to the emergence of elastic effects induced by particles at the interface.
Notably, the macroscopic rheological behavior of the particle-laden interface proves to be more
crucial than the intrinsic properties of the individual particles.

Conclusions. In this Letter, we investigated the impact of colloids at liquid-liquid interfaces on
droplet pinch-off dynamics in microfluidic devices, focusing on hard polystyrene particles (PS) and
pNIPAM microgels (MG). We observed a significant deviation in droplet formation time, simi-
larly to surfactant-laden systems, while revealing a major distinction: unlike surfactants, colloids
minimally influenced droplet size, hinting at a modification of the formation dynamics beyond the
dominance of capillary forces alone. Examining the thinning dynamics of the liquid neck, we noted
that in the absence of colloids, the minimum neck radius (h̃min) adhered to established scaling laws
for Newtonian pendant drop pinch off, transitioning from an initial inertial to a viscous regime,
and concluding with an inertial-viscous regime (route I → V → IV). Contrarily, in the presence
of colloidal particles, regimes V and IV were replaced by a singular power law, denoted as VP:
h̃min = α(�, Oh)τ̃ p(�). This shift suggests an elastic behavior during droplet formation primarily
influenced by the soft interactions between the particles and not their intrinsic properties. This result
should guide future works toward the study of interfacial rheology of such systems.
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