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We study clogging of cohesive particles in a two-dimensional hopper with experiments and simulations.
The system consists of buoyant, monodisperse oil droplets in an aqueous solution, where the droplet size,
buoyant force, cohesion, and hopper opening are varied. Stronger cohesion enhances clogging, a trend
confirmed in simulations. Balancing buoyant and cohesive forces defines a cohesive length scale that
collapses the data onto a master curve. Thus, under strong cohesion, we find that clogging is governed not
by particle diameter, but by the cohesive length scale.
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Granular materials display complex, often counterintui-
tive, behavior under flow. While clogging at narrow
constrictions is expected, its underlying statistics and
dynamics remain surprisingly rich, with implications for
systems ranging from industrial grain handling to land-
slides and lava flows. Clogging is controlled by the
dimensionless hopper opening-to-particle diameter ratio
w=d [1–11]. Other than the hopper opening size, there have
also been extensive studies of how hopper flow is affected
by system properties such as particle shape [12–15], hopper
angle [10,16–18], gravity [19–21], friction [22–24], and
particle softness [24–30]. In many cases, granular materials
also have cohesive interactions between particles [31],
which can significantly impact flow [32–34]. For small
powders, van der Waals and electrostatics cause cohesion
[35], while in larger particles, cohesion can arise due to
liquid capillary bridges [36]. While cohesion is an impor-
tant parameter, it is typically difficult to control [31].
Recently, Gans et al. developed an experimental system
to study the impact of cohesion on properties of granular
materials [37,38]. Their results indicated that a cohesive
length scale that represents the balance between gravity and
cohesion was necessary to describe granular flow [38],
similar to that proposed by Ono-dit-Biot [39]. Additionally,
Zhang et al. investigated the clogging of wet granular
materials and found that liquid bridges enhanced clogging,
which could be predicted using an effective aggregate
size [40].

The ubiquity of interparticle cohesion motivates a deeper
understanding of its role in clogging. Here, we investigate
ideal cohesive particles flowing through a two-dimensional
(2D) hopper (Fig. 1). Experimentally, we use monodis-
perse, buoyant oil droplets in an aqueous solution, varying
the droplet diameter d, hopper opening w, cohesion, and
effective gravity. Simulations complement the experimental
data, and together they show excellent agreement with a
theoretical model.
The experiments are based on previous work by Ono-dit-

Biot et al.who developed a model system using oil droplets
in a surfactant solution to control interparticle cohesion of a
frictionless system [39,41,42]. The surfactant serves two
functions: it stabilizes the droplets against coalescence and,
when in excess, forms micelles that induce attractive
depletion interactions [39,43,44]. Critically, the surfactant
concentration enables precise control of cohesion by tuning
the micelle concentration in the solution. Ono-dit-Biot et al.
proposed a cohesive length scale, which is set by a balance
between the interparticle cohesion and the effect of gravity,
similar to that introduced by Gans et al. [38], given by
δ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A=Δρg
p

[39]. Here A ¼ Fc=ðπRÞ is the cohesive
force per unit length, with Fc the unbinding force between
two droplets with radius R [45], Δρ is the difference in
density between the oil and the aqueous surfactant solution,
and g is the acceleration due to gravity. In a quasi-2D
geometry, where the experimental chamber can be tilted
to adjust the effect of gravity (Fig. 1), this cohesive length
scale is modified to δ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A=Δρg̃e
p

; where we define the
effective gravitational acceleration as g̃e ¼ g sin θ, with θ
the tilt angle of the chamber [46]. The 2D system enables
direct imaging of the droplets and control over the effective
gravitational force, Fb ∝ Δρg̃, which drives the particles
though the hopper. We note that by “effective gravitational
force,” we mean the sum of the gravity and buoyancy force

*These authors contributed equally to this work.
†Present address: Mechanical Engineering, Yale University,

Connecticut 06511, USA.
‡Present address: Department of Chemical Engineering,

Auburn University, Alabama 36849, USA.
§Contact author: dalnoki@mcmaster.ca

PHYSICAL REVIEW LETTERS 136, 088201 (2026)
Editors' Suggestion

0031-9007=26=136(8)=088201(6) 088201-1 © 2026 American Physical Society

https://orcid.org/0009-0005-6097-2738
https://orcid.org/0009-0003-7041-3265
https://orcid.org/0000-0003-1503-3633
https://orcid.org/0000-0002-0885-6634
https://ror.org/02fa3aq29
https://ror.org/03czfpz43
https://ror.org/03zx86w41
https://crossmark.crossref.org/dialog/?doi=10.1103/n68l-9b38&domain=pdf&date_stamp=2026-02-23
https://doi.org/10.1103/n68l-9b38
https://doi.org/10.1103/n68l-9b38


acting parallel to the top surface of the chamber. Previously,
the cohesive length scale δ has been used to describe the
spreading of oil droplets in both 2D and 3D [39,46].
Experimentally, a quasi-2D hopper is made by coating

a glass slide with a ∼100 μm layer of SU-8 photoresist
(Kayaku, USA) and photolithography is used to pattern a
hopper with walls at 45° angles. For the experiments, the
hopper opening spanned w∈ ½100; 500� μm, with most
experiments performed at 150 and 200 μm. Experimental
chambers are constructed by placing a 30 × 20 × 5 mm3

3D-printed spacer between the 2D hopper slide and a glass
microscope slide and imaged with a camera. A schematic
diagram of the experiment is shown in Figs. 1(a) and 1(b).
The setup is placed on a rotation stage such that the
chamber can be tilted to an angle θ.
Chambers are filled with an aqueous solution of the

surfactant, sodium dodecyl sulfate (SDS), and sodium
chloride (NaCl) to screen ionic interactions. The concen-
tration of SDS varies from 7 to 265 mM, while the
concentration of NaCl is held constant at 1.5% (w=w).
SDS micelles generate an attractive interaction between the

oil droplets, increasing linearly with micelle concentration,
A ∝ Cm, where Cm is the concentration of micelles
[39,43,44]. Glass capillary tubes (o.d. 1 mm, i.d. 0.58 mm,
World Precision, USA) are pulled using a pipette puller
(Narishige, Japan) to an opening diameter of ∼10 μm. The
pipette is inserted into the chamber and light paraffin oil
(Supelco, MilliporeSigma, USA) is dispensed to create
near-monodisperse droplets with d∈ ½52; 67� μm using the
snap-off instability (the coefficient of variation in droplet
radius is ∼0.5%) [47,48]. The buoyant droplets rise and fill
the hopper, and because of their small size and correspond-
ingly high Laplace pressure, they can be approximated
as hard spheres. The chamber is initially held horizontal
and droplets are deposited in a loosely packed pattern; see
Supplemental Material Video 1 [49] for the filling process.
After 190� 5 droplets have been deposited, the pipette

is removed away from the hopper and the chamber is
rotated to a desired tilt angle, which initiates the flow of
droplets through the hopper. Droplets are monitored over
time for the presence of clogs [see Fig. 1(c)]. Once all the
droplets flow through the hopper, or if a clog is detected,
the experiment is complete and the chamber is rotated past
90° to clear the chamber of the droplets. Once the hopper is
emptied, the chamber is rotated back to horizontal, and the
experiment is automated to repeat 20 times for a specific set
of parameters [see Fig. 1(e)]. The probability of clogging
Pc was measured by dividing the number of clogs by the
number of total trials (see Supplemental Material Videos 2
and 3 [49]). For the simulations of the hopper, we use a
quasi-2D Durian bubble model [50], as modified in
Refs. [26,51]. This model considers soft particles with
large viscous forces acting on them, such that all other
forces balance the velocity-dependent viscous drag force.
Thus, at each time step the equations of motion are solved
for the velocity rather than the acceleration. For each
particle i, the equation to solve is

P
j ½F⃗cont

ij þ F⃗visc
ij �þ

F⃗wall
i þ F⃗grav

i þ F⃗drag
i ¼ 0, where F⃗cont

ij is the contact force

between droplets i and j, F⃗visc
ij is the viscous interaction

between two contacting droplets, F⃗wall
i is all forces due to

interactions with walls (attractive, repulsive, and viscous
forces [26,51]), F⃗grav

i is the effective gravitational force, and
F⃗drag
i is the viscous drag. Each droplet is modeled as a

sphere: F⃗cont
ij has a springlike repulsive force for spheres

that overlap, along with an attractive depletion force based
on the Asakura-Oosawa model [52] and the depletion free
energy for overlapping spheres from Crocker et al. [53].
The depletion force is tuned with the parameter ϕc, the
effective volume fraction of the micelles, which is a
nondimensional analog of Cm in the experiments [26,51].
The time step in simulations is defined by t0 ¼ BR=f0,

the timescale for two droplets to push apart, limited
by interdroplet viscous interactions; where B ¼ 1 is the
viscous coefficient, R ¼ 1 is the particle radius, and
f0 ¼ 10 is the spring constant of a droplet. With the

(a)
(b)

(c) (d)

(e)

(a) (b)

FIG. 1. (a) Schematic of the experimental chamber. Droplets
float into the hopper while the chamber is held horizontal. (b) The
chamber is rotated to a desired tilt angle that drives the buoyant
droplets through the hopper. (c) Representative experimental
image showing a clog with a false color overlay: red droplets
indicate the clogging arch, blue droplets represent remaining
droplets, yellow droplets remain attached to the aggregate due to
cohesion (w=d ¼ 8.8, w=δ ¼ 2.86� 0.07). (d) Representative
simulation image (w=d ¼ 3.25, w=δ ¼ 3.54). (e) An array of
images of the final state of the hopper for 20 trials with
w=d ¼ 3.0, Cm ¼ 71 mM; here 15 out of 20 experiments
clogged, so Pclog ¼ 0.75.
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current parameter choices, the free-fall velocity of an
isolated droplet is proportional to F⃗grav

i =F⃗drag
i and so also

to the force of gravity; we use the nondimensional accel-
eration due to gravity in the simulations g̃s as a control
parameter for the driving force. For further discussion on
the choice of parameters, see Refs. [26,51].
As in the experiment, 190 particles are simulated with a

hopper angle of 45° and a droplet polydispersity set at 0.01.
The simulation begins with particles randomly placed in the
hopper. They free fall, settle, and once static, the hopper
exit is opened. The force equation can be rewritten as a
first-order differential equation for the velocity, which is
solved using a fourth-order Runge-Kutta algorithm and a
time step of dt ¼ 0.1t0. Simulations end when all droplets
have exited the hopper or when the maximum speed of
all particles in the hopper is below 10−12, which defines a
clog. For these simulations, the choice of parameters for
depletion strength and gravity were made based on pre-
vious simulations involving cohesive forces [51] and
hopper simulations [26], with the overall goal of main-
taining a range of parameters similar to the experiments. In
the simulations, δ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Fc=ðρg̃sπRÞ
p

, where Fc is the force
needed to pull apart two particles from the equilibrium
position and ρ ¼ ð3=4πÞ [51]. One set of simulations keeps
w=d ¼ 3 and varies g̃s and ϕc. A second set of simulations
keeps g̃s ¼ 0.01, while varying w and ϕc.
We first investigate the impact of gravity and cohesion

while keeping the width to droplet diameter constant. In
experiments, gravity is tuned by the hopper tilt angle θ
(g̃e ¼ g sin θ) and cohesion by the micelle concentration
Cm. In simulations, g̃s and ϕc control gravity and cohesion.
In Figs. 2(a) and 2(b), we show Pc as a function of the
effective gravitational acceleration for constant w=d. For a
constant cohesion strength, as the effective gravitational
force increases, the clogging probability decreases. In
addition, increasing cohesion increases the clogging prob-
ability. These results are physically intuitive: increasing the
effect of gravity or decreasing cohesion can destabilize a
potential arch, thus decreasing the potential to clog.
We use a general sigmoidal function to fit the data,

Pc ¼ ½1þ exp½ðg̃i − g0Þ=b��−1; ð1Þ

where b is the width of the transition, g0 is the value of the
effective gravitational acceleration that results in Pc ¼ 1=2,
and the subscript i∈ fe; sg designates the experimental and
simulated values (see Supplemental Material Table 1 [49]
for fit parameters). We plot g0 as a function of Cm and ϕc in
Figs. 2(c) and 2(d). Both experiment and simulation show a
monotonic increase, consistent with the expectation that
maintaining a constant clogging probability (Pc ¼ 1=2)
requires a greater driving force with increasing cohesion.
Having investigated the role of the driving force and

cohesive strength in Fig. 2, we now turn to the impact of the
hopper opening size w=d. We will show how w=d relates to

the clogging probability Pc and the mean avalanche size
hsi, which is defined as the number of particles passing
through the hopper before a clog. Theoretical and empirical
relations related to the avalanche size and probability of
clogging have been well established [1–9]. Here, the
following is inspired by the work of Janda et al. [5] and
the derivations by Durian and coworkers [7,8]; we recap the
essential physics and extend to the case of cohesive
particles. If hsi is the number of particles in an avalanche,
then hsi þ 1 particles cause a clog, and the probability of
any particle causing a clog is given by pc ¼ ðhsi þ 1Þ−1.
We can then write hsi ¼ ð1 − pcÞ=pc, which is the ratio of
the probability that a particle passes through the orifice,
1 − pc, to the probability the particle causes a clog pc.
A clog is formed by an arch in 2D or dome in 3D.
Assuming that each grain within the arch or dome can exist
in ω microstates, of which ωc are states that can result in a
clog, then the probability that a particle is in a clogging
state is ωc=ω. Now, it is not enough for a single particle to
be in a clogging state, all particles that form an arch or
dome must also be. We can then write pc ¼ κðωc=ωÞn,
where n is the number of particles in the arch or dome, and
κ is a normalization constant.
We now turn to the number of particles n that form an

arch or dome, which must depend on the size of the
opening. It has been suggested and empirically verified
[3,5,7,54] that n ∝ ðw=dÞα, where α ¼ 2 for an arch, and
α ¼ 3 for a dome. First of all, we stress that, while this
scaling is valid for cohesionless particles, it must be

FIG. 2. Clogging probability of (a) experiments with w ¼
162 μm and d ¼ 56 μm and (b) simulations with w=d ¼ 3.0,
for a range of cohesive strengths as a function of the effective
gravitational acceleration (error is calculated based on a finite
number of trials N ¼ 20 and N ¼ 100 for a Poisson process).
Solid lines are fits of Eq. (1) to the data. The effective gravitational
acceleration where the probability of clogging is 1=2, g0, vs
cohesive strength for (c) experiment and (d) simulation.
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modified when cohesion is important, as we will do below.
Second, we wish to clarify the dependence on the dimen-
sionality of the system, because it is often assumed that an
arch is a string of particles and a dome is a sheet of particles
(i.e., α ¼ 1 for an arch and 2 for a dome). An arch or dome
alone must be stabilized by neighboring particles (i.e., a 1D
arch of marbles is not stable). Thus, these structures have
some thickness to them, and the natural scale for this is the
width of the opening. There are two parts to this argument:
1) an arch or dome must have a “thickness” to it; and
(2) that thickness must scale with the width of the opening,
resulting in a self-similar clog structure. For the 2D case
studied here, α ¼ 2, and n ¼ βðw=dÞ2, with geometric
prefactor β. Then hsi ¼ ½κðωc=ωÞβðw=dÞα �−1 − 1. The con-
stant κ ¼ ðωc=ωÞ−β, which follows from hsi ¼ 0 at
w=d ¼ 1. Then,

hsi ¼ exp fC½ðw=dÞα − 1�g − 1; ð2Þ

with constant C. This expression is properly normalized and
of a similar form to that used by others [5,7,8].
The probability of some particular particle causing a

clog is ðhsi þ 1Þ−1; thus, the probability of N particles in
the hopper not clogging is ½1 − ðhsi þ 1Þ−1�N . Conversely,
the probability of clogging with N particles is
PcðNÞ¼1− ½1−ðhsiþ1Þ−1�N ¼1−exp½−N lnð1þhsi−1Þ�.
Making the approximation that lnð1þ hsi−1Þ ≈ hsi−1, we
can write the probability of clogging with N particles as

PcðNÞ ≈ 1 − exp ð−N=hsiÞ; ð3Þ

where hsi is given by Eq. (2). Thus, we have related hsi
and Pc to w=d via Eqs. (2) and (3) with α ¼ 2 for our 2D
system, N ¼ 190 for our number of droplets, and C as the
sole fitting parameter.
This discussion has neglected cohesion. For strong

interparticle cohesion, we propose that the critical length
scale that determines clogging is not the droplet diameter d,
but rather the cohesive length scale δ. This assumption is
consistent with observations made by Gans et al. [38] and
other works [39,41,46,51]. Conceptually, with increasing
cohesion, the relevant size is that of cohesively stabilized
aggregates of size δ, not individual droplets. This effec-
tively renormalizes w=d to w=δ in Eq. (2). In our
experiments, d∈ ½52; 67� μm, while δ∈ ½30.5� 0.3;
260� 10� μm [39]. At low cohesion, clogging depends
on d, but our focus is on regimes where δ dominates. The
probability of clogging Pc as a function of w=δ is shown in
Figs. 3(a) and 3(b) for 91 experiments each consisting of 20
trials (5 droplet radii and 5 cohesion strengths) and for 51
simulations each consisting of 100 trials (w∈ ½1.75d; 6d�
and 4 cohesion strengths). Remarkably, all data collapse
onto a single master curve which is well fit by Eq. (3) with
C ¼ 0.76� 0.01 (experiment) and C ¼ 0.690� 0.004
(simulation), confirming that the dimensionless length

scale w=δ captures the clogging behavior of cohesive
particles. Given that δ > d for the cases we are considering,
clogging occurs for larger opening sizes w than could clog
for cohesionless particles.
To further investigate the importance of w=δ to our

system, plots of hsi as a function of w=δ are shown in
Figs. 3(c) and 3(d). Again, the data collapse onto a single
master curve. Since the number of particles in the hopper
was limited to N ∼ 190, the plots in Figs. 3(c) and 3(d)
plateau at hsi ∼ N. The plateau does not imply that we have
reached a critical value for which clogging never occurs,
rather we have reached a region where the probability of
clogging for 190 particles vanishes. We compare Eq. (2) to
the data of Figs. 3(c) and 3(d) with the same fit values for C
used in Figs. 3(a) and 3(b). The ability of the data to
collapse onto a master curve as well as the goodness of fit to
Eq. (2) further confirms that the critical parameter describ-
ing clogging is given by w=δ. This also validates the
assumptions made in the derivation of Eqs. (2) and (3): in
particular, the number of particles stabilizing an arch (in a
two-dimensional system) scales as w2, as seen in prior work
with cohesionless particles [3,5,7,54].
Finally, we return to the empirical trends shown in

Figs. 2(c) and 2(d) for the relationship between the driving

FIG. 3. Probability of clogging as a function of w=δ for
(a) experiments and (b) simulations. The solid lines represent
a fit to Eq. (3). (c) Mean avalanche size before a clog occurs as a
function of w=δ for experiments and (d) simulations. Solid lines
are Eq. (2) fit to the data. Dashed lines show a plateau at 190
droplets. Error bars on Pc are calculated based on a finite number
of trials N ¼ 20 for experiments and N ¼ 100 for simulations for
a Poisson process. Error bars on hsi represent standard error on
the mean. Error bars on δ are representative of experimental data
measuring the cohesive strength between droplets [42]. For these
data, smaller w=δ represents a smaller opening or stickier
droplets, both of which make clogging likelier.
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force, Fb ∝ g0, and cohesion strength for which Pc ¼ 1=2.
We see from Eq. (3) that Pc ¼ 1=2 corresponds to w=δ
being some constant: when Pc ¼ 1=2, w ∝ δ. Since
δ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A=Δρg̃
p

, we obtain g̃w2∝A. With Eq. (1) and setting
Pc¼1=2, we have g0¼ g̃. We then obtain g0w2∝A, where
A is proportional to Cm (experiment) and ϕc (simulation).
The data in Figs. 2(c) and 2(d), where the opening width is
fixed, follow this linear relationship closely, providing
independent confirmation that δ is the relevant length scale
governing clogging for cohesive particles.
In conclusion, we have observed the clogging of fric-

tionless cohesive particles in a 2D hopper and outlined
the impact of the cohesive strength on the ability of the
particles to flow. We find a clear dependence of clogging on
the cohesive strength of the particles. Furthermore, we have
demonstrated that a fundamental cohesive length scale δ is
critical to describing clogging, which can be obtained by
balancing the cohesive strength with the effective gravita-
tional force. When plotting both the mean avalanche size
and the clogging probability as a function of a dimension-
less ratio w=δ, our data collapse on master curves (Fig. 3).
The collapse matches theory using δ as the key length scale,
underscoring the importance of cohesion. Remarkably, this
allows clogging to occur even with large hopper openings
such as in the experiments shown in Fig. 1(c), for
which clogging would not be possible for a cohesionless
system [26]. Under strong cohesion, clogging is governed
not by particle diameter but by a cohesive length scale.
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