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Getting out of a tight spot: Cooperative unclogging of hydrogel particles
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We use event-driven pore network modeling to study the transport of hydrogel particles through disordered
porous media—a process that underlies diverse applications. By simulating particle advection, deformation, and
clogging at the pore scale, we identify a dimensionless “squeezing parameter” that quantitatively predicts the
depth to which particles penetrate into a given medium across diverse conditions. Our simulations also uncover
a surprising cooperative effect: Adding more particles enables them to penetrate deeper into the medium. This
phenomenon arises because individual particles redirect fluid to adjacent throats, forcing nearby particles through
tight pores that they would otherwise clog. Altogether, these results help to establish a quantitative framework
that connects microscopic particle mechanics to macroscopic transport behavior.

DOI: 10.1103/j3jz-x97q

Introduction. Hydrogels are crosslinked networks of hy-
drophilic polymers that can absorb up to ∼103 times their
dry weight in water while maintaining structural integrity. The
transport of hydrogel particles through porous media under-
lies a broad range of processes in energy, industry, medicine,
and sustainability. For example, hydrogel particle suspensions
are used to clog high-permeability zones in oil reservoirs,
promoting fluid redirection and oil recovery from bypassed
lower-permeability zones [1–8]. A similar approach can im-
prove the efficiency of geothermal energy extraction, which is
similarly plagued by reservoir heterogeneity [9,10]. In other
applications such as groundwater remediation [11–13] and
drug delivery [14], hydrogel particles are used to carry use-
ful compounds, such as treatment chemicals and therapeutic
agents, through porous groundwater aquifers and biological
tissues/gels, respectively. All these uses of hydrogel particles
require their spatial distribution through a disordered porous
medium to be predictable and precisely controlled. However,
achieving such predictability is still an open challenge; as
a result, applications often proceed by trial and error, with
highly variable results. Here, we address this challenge.

The opacity of porous media typically precludes direct
visualization of particle transport in situ. Therefore, recent
work has employed numerical simulations to characterize
the transport of hydrogel particles in simplified settings. For
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example, studies have examined how hydrodynamic forces
can enable a single hydrogel particle to squeeze through an
individual pore constriction (a “throat”) [15–19]; more recent
work extended these studies to the case of a deformable par-
ticle moving through a network of multiple interconnected
pores [20]. Other work hints that interactions between mul-
tiple particles—both due to short-ranged collisions [21,22]
and longer-ranged alterations in the flow of the suspending
fluid as particles squeeze into/clog pores [23]—can strongly
influence particle transport. However, these studies focused
on ordered networks of identical pores, thus neglecting an
inherent feature of most porous media: disorder arising from
variations in the pore sizes, which can greatly alter flow and
transport [24,25]. As a result, for a suspension of hydrogel
particles of a given size, internal permeability, and stiffness,
injected into a disordered porous medium of a given geometry,
it is still not possible to predict what the spatial distribution of
particles and resulting pore-scale changes in fluid flow will be.

Here, we address this gap in knowledge using event-driven
pore network modeling of hydrogel particle suspensions in-
jected into porous media of tunable degrees of disorder. We
use simulations to characterize how the distance that particles
penetrate into a medium varies with the imposed flow rate,
degree of disorder in the medium, and hydrogel properties.
Across the broad range of conditions tested, our results can
all be quantitatively rationalized by considering the competi-
tion between the flow-induced viscous stress on a particle to
the mechanical stress required to squeeze it through a pore
throat. Our simulations also reveal a surprising phenomenon:
Increasing the concentration of injected particles promotes
their penetration into a disordered medium, overturning the
common assumption that more concentrated suspensions are
more likely to cause clogging. We trace the origin of this
cooperativity to dipolarlike alterations in the flow through
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FIG. 1. Schematic of the event-driven pore network model. (a) Hydrogel particles only move into vacant throats with the fastest local flow
speed. (b) The particle with the shortest transit time across its throat (here, No. 3) moves into the next pore body while other particles move
partially through their throats based on this transit time. (c) Hydrogel particles can only compress and squeeze into a pore throat if the viscous
stress �Pv exceeds the compressive stress � (No. 1); otherwise, they continue to clog the throat (No. 2). Here, dg and ξ represent the diameter
and internal mesh size of the unconfined particle, while ξ ′ represents the smaller mesh size of a compressed particle.

the medium induced by individual particles. Altogether, our
work establishes a quantitative framework to help predict and
guide ways to control the distribution of hydrogel particles in
a porous medium, with implications for diverse applications.

Event-driven pore network model. We follow the estab-
lished approach of pore network modeling [26–28] by rep-
resenting each porous medium as a one- or two-dimensional
(1D or 2D) square lattice of pore throats (the edges of the
network) connecting larger pore “bodies” (the nodes). This
approach greatly simplifies the complexity of typical porous
media while incorporating the essential physics of fluid flow
through the different pores, flow-induced particle advection
and squeezing into/clogging of individual pore throats, and
the resulting changes in flow behavior and the distribution of
particles over larger scales (Fig. 1).

In particular, we represent the pore throats as cylinders
with diameters dt chosen randomly from a normal distribution
with a prescribed standard deviation σ , using the absolute
value of any nonphysical negative values of dt if they are
chosen. This choice provides a straightforward way to tune
the ratio � ≡ σ/d̄t , where d̄t is the mean throat diameter, in
the model; we refer to � as the degree of disorder. The length
lt of each cylinder is then set based on the lattice spacing and
diameters of the adjacent throats. We consider slow, viscous,
incompressible flows with fluid injected into the throats span-
ning one side of the network (the “inlet”) with a prescribed
total flow rate Q. The pressure drop across a pristine throat is
given by Poiseuille’s law [20,22,23], �Pt = 8μlt

π (dt /2)4 Qt , where
μ is the fluid viscosity and Qt is the throat flow rate. In
this representation, the advection, squeezing, and clogging of
hydrogel particles is dictated solely by the geometry of the
pore throats, which can only contain one compressed particle
at a time; the bodies simply act as nodes in this network
that can also only contain a single fully swollen particle at
a time, and their sizes are otherwise not explicitly considered.
Future extensions of our work could relax this assumption by,
e.g., allowing multiple particles to enter the pores, thereby en-
abling one to explore more concentrated particle suspensions.
Applying conservation of mass at each body then results in a
linear system of equations that provides the quasi-steady-state
flow profile of the network for each configuration of hydrogel
particles, where the equilibration timescales for pressure and

viscous flows are much shorter than the timescale of one
particle moving through a throat.

In our simulations, we combine this pore network flow
model with event-driven hydrogel particle dynamics based on
experimental observations [19] (Fig. 1)—numerically solv-
ing this system of equations successively as the distribution
of particles throughout the network changes step by step.
We initialize the particles in pore bodies along the inlet of
the medium [Fig. 1(a)]. The particles have a fully swollen
diameter dg > d̄t and internal swollen mesh size ξ [magni-
fied schematic in the lower right of Fig. 1(c)], which then
sets the internal permeability ∼ξ 2 and bulk modulus K ∼
kBT/ξ 3 [29]. At each step of the simulation, we determine
which hydrogel particles have vacant throats to potentially
move into, advected by the flow out of the pore bodies
they occupy. We then specify that each such particle will
either squeeze into the accessible vacant throat that has the
largest pristine flow speed [arrows in Figs. 1(a) and 1(b),
upper right of Fig. 1(c)] or become stuck and clog the throat
entrance [lower right of Fig. 1(c)], depending on the local
flow speed.

In particular, the pressure drop across the throat is then
given by �Pt + RQt , where R is known as the hydraulic resis-
tance of the hydrogel particle and Qt is the reduced flow rate
through both the particle and throat. For a fully swollen par-
ticle, R ∼ μ/(dgξ

2) [19]. However, the fluid flow through the
particle compresses it [19,30–34]. Assuming isotropic com-
pression for simplicity, the compressed diameter is d ′

g < dg,
the mesh size is then ξ ′ = ξ (d ′

g/dg)9/4 [35,36], the hydrogel
resistance is R ∼ μd ′

g/(dtξ
′)2 [19], and the bulk modulus is

K ∼ kBT/ξ ′3 [29]; investigating the influence of anisotropic
deformation mechanics will be an interesting extension of our
work. So, in this step of the simulation, we determine the
diameter of the compressed particle by balancing the viscous
pressure drop across the particle, RQt , with the mechanical
stress required to compress the hydrogel, � = Kε, where ε ≡
(d3

g − d ′3
g )/d3

g [19], and then update all flow rates throughout
the network accordingly. If d ′

g > dt , then the particle cannot
fully squeeze into the throat and remains stuck in the up-
stream pore body, clogging the throat entrance. Once the flow
is sufficiently fast to reach the threshold d ′

g = dt , however,
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the particle is advected through the throat [upper right of
Fig. 1(c)], as validated experimentally [19].

Having thereby identified which hydrogel particles will
squeeze through throats, we then determine how far they will
be advected during this step of the simulation. To do so, we
determine the total time required for each particle with d ′

g = dt

to transit through its pore throat, based on the local flow speed.
The particle with the shortest transit time—which sets the
duration of this step of the simulation—is then advected to its
downstream pore body, while the others move only partially
through their respective throats as dictated by the local flow
speed [Fig. 1(b)]. Our numerical simulation then repeats this
series of steps—which we refer to as “event driven” because
the temporal duration of each step is not fixed, but is deter-
mined by the dynamics of the fastest-moving particle in the
network—until all particles are stuck (d ′

g > dt ) or have exited
the medium.

Thus, our approach is similar to classical percolation
approaches [37], such as the random fuse model [38], in
representing a porous medium as a network and studying how
transport properties change as individual network elements
become nonconducting. However, our model differs in that it
captures continuous particle deformation rather than discrete
bond failure at critical thresholds. Exploring the connections
between the results generated by our event-driven network
model and classical percolation models will be an interesting
direction for future work.

Single-particle dynamics. To establish a simple baseline,
we first examine the transport of a single hydrogel particle
across a range of inlet flow rates Q through a 1D medium. For
each value of Q tested, we simulate 103 different but statisti-
cally identical media with the same mean diameter d̄t = 0.8dg

and prescribed degree of disorder �. In each simulation, we
measure the number of throats x that the particle penetrates
along the length of the medium before it can no longer move.

The probability density function (PDF) of x determined
from all simulations of the exemplary case of � = 0.5 and
Q = 3×10−12 m3/s is given in the inset of Fig. 2. As shown
by the curve, the PDF ∼ e−x/	, where we term 	 the mean
penetration length (normalized by d̄t ). As intuitively expected,
our simulations indicate that 	 increases monotonically with
increasing Q: Hydrogel particles penetrate deeper into the
medium at higher flow rates. This intuition can be quanti-
fied by comparing the characteristic fluid viscous stress on a
compressed particle �Pv ∼ μQt/(d ′

gξ
′2) and the characteris-

tic compressive stress � ∼ Kε, with d ′
g = dt and Qt = Q in

1D; the ratio between these stresses yields a dimensionless
group that we term the “squeezing parameter,” S ≡ �Pv/�.
As shown by the light blue points in Fig. 2, 	 increases as
S increases above a critical value ∼1, as expected. Moreover,
repeating our simulations for a given degree of disorder � but
independently varying the other input parameters d̄t , ξ , and μ

instead of Q yields values of 	 that collapse when presented
as a function of S [39], confirming that this dimensionless
parameter controls the extent of particle penetration.

This picture suggests that the probability of a hydrogel
particle getting stuck in a 1D medium is independent of space
and time [40]—as further supported by our finding that the
PDF of penetration lengths decays exponentially, indicative
of a Poisson process. Specifically, for a given set of input
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FIG. 2. Penetration of hydrogel particles into 1D porous media.
The inset shows the probability density function of the number
of throats x that the particle penetrates into the medium for 1000
simulations of a medium with � = 0.5 and S ≈ 12, following the
exponential distribution with mean value 	 as shown by the curve.
The main panel shows 	 (each point derived from 103 realizations)
increasing with increasing squeezing parameter S and decreasing
degree of disorder �; curves show the theoretical prediction of
Eq. (1). All simulations use μ = 10−3 Pa-s, d̄t = 1 mm, dg = 1.2d̄t ,
and ξ = 10−8 m in media composed of 200 successive throats, with
the exception of � = 0.3 that is instead composed of 1000 throats to
accommodate for deeper penetration at low disorder.

conditions parametrized by S, the critical throat diameter
d∗

t (S) for particle squeezing is given by equating �Pv to �.
As detailed in the Supplemental Material [39], the probability
that the particle gets stuck is then equal to the probability that
it encounters a throat with dt < d∗

t , and 	 is simply the inverse
of this probability:

	(S) = ln

[
1 − 1

2
erf

(
d∗

t (S) − d̄t

σ
√

2

)
+ erf

(
d∗

t (S) + d̄t

σ
√

2

)]−1

.

(1)

As shown by the light blue curve in Fig. 2, this prediction
agrees well with the simulation data, confirming our intu-
itive picture. As a final test of this picture, we repeat our
simulations for media with varying degrees of disorder �.
In all cases, 	 increases monotonically with S in excellent
agreement with Eq. (1), as shown by the different colors in
Fig. 2. These results demonstrate that in 1D, disorder results
in a higher likelihood of the particle encountering a throat that
is too small for it to pass through, hindering penetration into
the medium.

Intriguingly, this trend is reversed in 2D: As shown in
Fig. 3, for a given value of S, increasing the degree of dis-
order � increases the hydrogel particle penetration length 	.
Moreover, while 	 again increases monotonically with S, it
does so exponentially—not as predicted by Eq. (1) for the
1D case, nor as a power law as expected from percolation
theory [20]—as shown by the lines of 	 = 	0eS/Sc in Fig. 3
with fitting parameters 	0 and Sc. The lower right inset shows
how 	0 monotonically increases with �, again reflecting that
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FIG. 3. Penetration of hydrogel particles into 2D porous media.
The main panel shows 	 (each point derived from 103 realiza-
tions) increasing with increasing squeezing parameter S and degree
of disorder �; curves show exponential fits 	0eS/Sc . The top left
and bottom right insets show that both the particle path tortuosity
τ and characteristic penetration length 	0 increase with disorder
�. All simulations use μ = 10−3 Pa-s, d̄t = 1 mm, dg = 1.2d̄t , and
ξ = 10−8 m in media composed of 120×120 throats.

particle penetration is promoted by pore space disorder. Both
of these differences with the 1D case result from the increased
connectivity of the pore space in 2D: The latter provides
an additional degree of freedom for particle squeezing and
advection through throats with the fastest flow speeds, which
follows tortuous paths through the medium that avoid the
smallest throats [20]. As shown in the upper left inset of Fig. 3,
our simulations confirm that the tortuosity τ of these paths
increases with the degree of disorder �. Moreover, the critical
value of S required for particle penetration is approximately
two orders of magnitude lower than in the 1D case—again
due to the increased pore space connectivity [39], since fluid
can now route through the N throats transverse to a clogged
one, thereby reducing its flow rate by a factor of N (which

is indeed ∼102 in the simulations). Further exploring how
the transverse transport of particles is enhanced by medium
disorder will be a useful direction for future work.

Cooperative dynamics of multiple particles. Next, to probe
how multiple hydrogel particles are transported, we repeat our
2D simulations with two particles at different initial transverse
separation distances from each other. Remarkably, when both
particles are initially next to each other (separated by one
throat), the mean penetration length is ≈30% larger than in the
single-particle case, as shown by comparing the squares to cir-
cles in Fig. 4(a). This effect diminishes as the initial transverse
separation between particles increases, as we show in the Sup-
plemental Material [39]; as a limiting case, when the particles
are separated by as many as 40 pore throats, their penetration
into the medium is similar to the single-particle case, as shown
by the diamonds in Fig. 4(a). Alternatively, this unexpected
effect is promoted as more hydrogel particles are added to
the medium, as we also show in the Supplemental Material
[39]. This cooperative effect is also sensitive to the relative
orientation of the particles: Penetration is only promoted when
the particles are close to each other in the transverse, not
longitudinal, direction [39]. Taken altogether, these results
indicate that the cooperative unclogging of multiple hydrogel
particles arises from orientation-dependent alterations in the
flow through the medium induced by individual particles.
Close inspection of the fluid velocities around a single stuck
hydrogel particle confirms and elucidates this expectation. As
shown in Fig. 4(b), each particle induces a dipolarlike pertur-
bation to the fluid velocity field characteristic of low Reynolds
number flow around an obstacle [41–43]. Thus, when one
particle clogs or squeezes through a pore, it redirects fluid to
neighboring pores, enabling nearby particles to also squeeze
through tight pores.

Discussion. Our work demonstrates that the penetration of
hydrogel particles into a porous medium is governed by the
competition between the flow-induced viscous stress on a par-
ticle and the mechanical stress required to squeeze it through
constrictions—providing a quantitative foundation for their
applications in energy, industry, medicine, and sustainability.
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FIG. 4. Cooperative unclogging of hydrogel particles is mediated by dipolarlike flow perturbations. (a) Mean penetration length 	 (each
point derived from 103 realizations) as a function of S for a single particle (circles), two particles separated transversely by a single throat
(squares), or two particles separated transversely by 40 throats (diamonds), in the same 2D medium with � = 0.1 and 120×120 throats. The
second case has ≈30% more penetration. (b) Dipolarlike perturbation to the flow induced by a particle clogging a pore. The color bar shows
the relative change in the flow speed caused by a hydrogel particle; sketched streamlines show the dipolarlike nature of the flow.
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Our simulations highlight the pivotal role of dimensionality
and disorder: In 1D, increasing disorder hinders particle pene-
tration, whereas in higher-dimensional media, greater disorder
actually promotes deeper penetration due to the availability of
alternative flow paths. Moreover, the simulations reveal the
counterintuitive finding that increasing the particle concentra-
tion enhances penetration rather than promoting clogging, as
in other systems [44,45]. This cooperative unclogging occurs
through dipolarlike alterations in the local flow field, where
particles redirect fluid to neighboring pores, facilitating the
transport of nearby particles through tight constrictions. Ex-
perimentally testing the predictions made here—for example,
by visualizing the transport of hydrogel particles through mi-
cro/millifluidic obstacle arrays created using lithography or
3D printing [46]—will be an important direction for future
work. Moreover, it will be interesting to explore how our
findings extend to impermeable but still deformable particles,
such as cells, vesicles [47], emulsion droplets [48,49], and
colloidal aggregates [50].

Acknowledgments. It is a pleasure to acknowledge Baojun
Bai for useful discussions, as well as funding to S.K. through
the Chateaubriand Fellowship of the Office for Science &
Technology of the Embassy of France in the United States,
to L.T. through the INTPART program from the Research
Council of Norway (Project No. 309139), to M.R. through the
Princeton Center for Complex Materials MRSEC (NSF Grant
No. DMR-2011750), and to S.S.D. through NSF Grant No.
DMR-2011750, the Project X Innovation Fund, the Camille
Dreyfus Teacher-Scholar Program of the Camille and Henry
Dreyfus Foundation (SSD). This material is also based upon
work by SSD supported by the U.S. Department of Energy’s
Office of Energy Efficiency and Renewable Energy (EERE)
under the Geothermal Technologies Office (GTO) Innova-
tive Methods to Control Hydraulic Properties of Enhanced
Geothermal Systems Award No. DE-EE0009790.

Data availability. The data that support the findings of this
article are openly available at [51].

[1] B. Bai, Y. Liu, J.-P. Coste, and L. Li, Preformed particle gel
for conformance control: Transport mechanism through porous
media, SPE Reservoir Eval. Eng. 10, 176 (2007).

[2] D. Cao, M. Han, J. Wang, and A. J. Alshehri, Polymeric micro-
sphere injection in large pore-size porous media, Petroleum 6,
264 (2020).

[3] G. Chauveteau, R. Tabary, C. Le Bon, M. Renard, Y. Feng, and
A. Omari, In-depth permeability control by adsorption of soft
size-controlled microgels, in SPE European Formation Dam-
age Conference and Exhibition (SPE, The Hague, Netherlands,
2003), paper SPE-82228-MS.

[4] F. Yujun, T. Rene, R. Michel et al., Characteristics of microgels
designed for water shutoff and profile control, in International
Symposium on Oilfield Chemistry (SPE, Houston, Texas, 2003),
paper SPE-80203-MS.

[5] Y. Pi, J. Liu, R. Cao, L. Liu, Y. Ma, X. Gu, X. Li, X. Fan,
and M. Zhao, Visualized study on a new preformed particle
gels (PPG)+polymer system to enhance oil recovery by oil
saturation monitoring online flooding experiment, Gels 9, 81
(2023).

[6] R. Lane and R. Seright, Gel water shutoff in fractured or faulted
horizontal wells, in SPE/CIM International Conference on Hor-
izontal Well Technology (SPE, Calgary, Alberta, Canada, 2000),
paper SPE-65527-MS.

[7] J.-P. Coste, Y. Liu, B. Bai, Y. Li, P. Shen, Z. Wang, and G. Zhu,
In-depth fluid diversion by pre-gelled particles. laboratory study
and pilot testing, in SPE Improved Oil Recovery Conference
(SPE, Tulsa, Oklahoma, 2000), paper SPE-59362-MS.

[8] F. G. Tessarolli, A. S. Gomes, C. Mansur, S. Haider, and A.
Haider, Hydrogels applied for conformance-improvement treat-
ment of oil reservoirs, in Hydrogels, edited by S. Haider and A.
Haider (InTechOpen, London, 2018), Chap. 4.

[9] T. Doe, R. McLaren, and W. Dershowitz, Discrete frac-
ture network simulations of enhanced geothermal systems, in
Proceedings of the 39th Workshop on Geothermal Reservoir
Engineering, Stanford (Curran Associates, Stanford, California,
2014).

[10] P. Winterfeld, B. Bai, and Y.-S. Wu, Using preformed particle
gels to control transport in geothermal reservoirs: Mathe-
matical modeling, in SPE Reservoir Simulation Conference
(SPE, Galveston, Texas, 2025), p. D012S001R018.

[11] J. L. Hastings and E. S. Lee, Optimization and analysis of a
slow-release permanganate gel for groundwater remediation in
porous and low-permeability media, Water 13, 755 (2021).

[12] Y. Yang, X. Xu, F. Xia, S. Wan, X. Han, H. Xiao, S. Deng, Y.
Jiang, and X. Li, Characteristics of persulfate gel materials in
groundwater remediation: Column and tank experiments inves-
tigations, Sci. Total Environ. 892, 164408 (2023).

[13] S. Wu, S. Deng, F. Xia, X. Han, T. Ju, H. Xiao, X. Xu, Y.
Yang, Y. Jiang, and B. Xi, A novel thermosensitive persulfate
controlled-release hydrogel based on agarose/silica compos-
ite for sustained nitrobenzene degradation from groundwater,
J. Hazard. Mater. 445, 130619 (2023).

[14] J. Li and D. J. Mooney, Designing hydrogels for controlled drug
delivery, Nat. Rev. Mater. 1, 16071 (2016).

[15] G. Zhu, A. Alexeev, E. Kumacheva, and A. C. Balazs, Modeling
the interactions between compliant microcapsules and pillars in
microchannels, J. Chem. Phys. 127, 034703 (2007).

[16] L. K. Fiddes, H. K. C. Chan, K. Wyss, C. A. Simmons, E.
Kumacheva, and A. R. Wheeler, Augmenting microgel flow
via receptor-ligand binding in the constrained geometries of
microchannels, Lab Chip 9, 286 (2009).

[17] R. Haghgooie, M. Toner, and P. S. Doyle, Squishy non-spherical
hydrogel microparticles, Macromol. Rapid Commun. 31, 128
(2010).

[18] T. J. Merkel, S. W. Jones, K. P. Herlihy, F. R. Kersey, A. R.
Shields, M. Napier, J. C. Luft, H. Wu, W. C. Zamboni, A. Z.
Wang et al., Using mechanobiological mimicry of red blood
cells to extend circulation times of hydrogel microparticles,
Proc. Natl. Acad. Sci. USA 108, 586 (2011).

[19] Y. Li, O. S. Sariyer, A. Ramachandran, S. Panyukov, M.
Rubinstein, and E. Kumacheva, Universal behavior of hy-
drogels confined to narrow capillaries, Sci. Rep. 5, 17017
(2015).

L032013-5

https://doi.org/10.2118/89468-PA
https://doi.org/10.1016/j.petlm.2020.03.002
https://doi.org/10.3390/gels9020081
https://www.academia.edu/download/76850384/Doe.pdf
https://doi.org/10.3390/w13060755
https://doi.org/10.1016/j.scitotenv.2023.164408
https://doi.org/10.1016/j.jhazmat.2022.130619
https://doi.org/10.1038/natrevmats.2016.71
https://doi.org/10.1063/1.2753150
https://doi.org/10.1039/B807106C
https://doi.org/10.1002/marc.200900302
https://doi.org/10.1073/pnas.1010013108
https://doi.org/10.1038/srep17017


SANJANA KAMATH et al. PHYSICAL REVIEW RESEARCH 7, L032013 (2025)

[20] E. Benet, G. Lostec, J. Pellegrino, and F. Vernerey, Mechani-
cal instability and percolation of deformable particles through
porous networks, Phys. Rev. E 97, 042607 (2018).

[21] M. G. O’Connell, N. B. Lu, C. A. Browne, and S. S. Datta, Co-
operative size sorting of deformable particles in porous media,
Soft Matter 15, 3620 (2019).

[22] Z. Shen, F. Plouraboué, J. S. Lintuvuori, H. Zhang, M. Abbasi,
and C. Misbah, Anomalous diffusion of deformable particles in
a honeycomb network, Phys. Rev. Lett. 130, 014001 (2023).

[23] S. Li, H.-h. Yu, and J. Fan, Modeling transport of soft particles
in porous media, Phys. Rev. E 104, 025112 (2021).

[24] S. S. Datta, H. Chiang, T. Ramakrishnan, and D. A. Weitz,
Spatial fluctuations of fluid velocities in flow through a three-
dimensional porous medium, Phys. Rev. Lett. 111, 064501
(2013).

[25] Z. Wang, K. Chauhan, J.-M. Pereira, and Y. Gan, Disorder
characterization of porous media and its effect on fluid displace-
ment, Phys. Rev. Fluids 4, 034305 (2019).

[26] I. Fatt, The network model of porous media, Trans. AIME 207,
144 (1956).

[27] M. J. Blunt, Flow in porous media—pore-network models and
multiphase flow, Curr. Opin. Colloid Interface Sci. 6, 197
(2001).

[28] Q. Xiong, T. G. Baychev, and A. P. Jivkov, Review of pore
network modelling of porous media: Experimental character-
isations, network constructions and applications to reactive
transport, J. Contam. Hydrol. 192, 101 (2016).

[29] M. Rubinstein and R. H. Colby, de Gennes scaling theory, in
Polymer Physics (Oxford University Press, Oxford, UK, 2014),
Chap. 5, pp. 181–183.

[30] K. Parker, R. Mehta, and C. Caro, Steady flow in porous, elas-
tically deformable materials, J. Appl. Mech. 54, 794 (1987).

[31] T. M. Quinn, Flow-induced deformation of poroelastic tissues
and gels: a new perspective on equilibrium pressure-flow-
thickness relations, J. Biomech. Eng. 135, 011009 (2013).

[32] D. R. Hewitt, J. S. Nijjer, M. G. Worster, and J. A. Neufeld,
Flow-induced compaction of a deformable porous medium,
Phys. Rev. E 93, 023116 (2016).

[33] C. W. MacMinn, E. R. Dufresne, and J. S. Wettlaufer, Large
deformations of a soft porous material, Phys. Rev. Appl. 5,
044020 (2016).

[34] Z. Xu, P. Yue, and J. J. Feng, Hystereses in flow-induced
compression of a poroelastic hydrogel, Soft Matter 20, 6940
(2024).

[35] P.-G. de Gennes, Scaling Concepts in Polymer Physics (Cornell
University Press, Ithaca, NY, 1979).

[36] Y. Gao, N. K. Chai, N. Garakani, S. S. Datta, and H. J. Cho,
Scaling laws to predict humidity-induced swelling and stiffness
in hydrogels, Soft Matter 17, 9893 (2021).

[37] D. Stauffer and A. Aharony, Introduction to Percolation Theory
(Taylor & Francis, London, 2018).

[38] L. de Arcangelis, S. Redner, and H. Herrmann, A random fuse
model for breaking processes, J. Phys. Lett. 46, 585 (1985).

[39] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/j3jz-x97q for supporting calculations and data showing
the influence of varying system parameters.

[40] N. G. Van Kampen, Stochastic Processes in Physics and Chem-
istry (Elsevier, Amsterdam, 1992), Vol. 1.

[41] N. Champagne, R. Vasseur, A. Montourcy, and D. Bartolo,
Traffic jams and intermittent flows in microfluidic networks,
Phys. Rev. Lett. 105, 044502 (2010).

[42] T. Gavrilchenko and E. Katifori, Resilience in hierarchical fluid
flow networks, Phys. Rev. E 99, 012321 (2019).

[43] S. Kirkpatrick, Percolation and conduction, Rev. Mod. Phys. 45,
574 (1973).

[44] N. Vani, S. Escudier, and A. Sauret, Influence of the solid frac-
tion on the clogging by bridging of suspensions in constricted
channels, Soft Matter 18, 6987 (2022).

[45] G. Gerber, S. Rodts, P. Aimedieu, P. Faure, and P. Coussot,
Particle-size-exclusion clogging regimes in porous media,
Phys. Rev. Lett. 120, 148001 (2018).

[46] A. Anbari, H.-T. Chien, S. S. Datta, W. Deng, D. A. Weitz,
and J. Fan, Microfluidic model porous media: Fabrication and
applications, Small 14, 1703575 (2018).

[47] N. M. Rogers, E. Hicks, C. Kan, E. Martin, L. Gao, C. Limso,
C. O. Hendren, M. Kuehn, and M. R. Wiesner, Characteriz-
ing the transport and surface affinity of extracellular vesicles
isolated from yeast and bacteria in well-characterized porous
media, Environ. Sci. Technol. 57, 13182 (2023).

[48] H. Soo and C. J. Radke, Flow mechanism of dilute, stable
emulsions in porous media, Ind. Eng. Chem. Fund. 23, 342
(1984).

[49] K. Ng and A. Payatakes, Stochastic simulation of the motion,
breakup and stranding of oil ganglia in water-wet granular
porous media during immiscible displacement, AIChE J. 26,
419 (1980).

[50] N. Bizmark, J. Schneider, R. D. Priestley, and S. S. Datta, Mul-
tiscale dynamics of colloidal deposition and erosion in porous
media, Sci. Adv. 6, eabc2530 (2020).

[51] Kamath, Cooperative unclogging of hydrogel particles in disor-
dered porous media [dataset], Zenodo, 2025, https://doi.org/10.
5281/zenodo.15335841.

L032013-6

https://doi.org/10.1103/PhysRevE.97.042607
https://doi.org/10.1039/C9SM00300B
https://doi.org/10.1103/PhysRevLett.130.014001
https://doi.org/10.1103/PhysRevE.104.025112
https://doi.org/10.1103/PhysRevLett.111.064501
https://doi.org/10.1103/PhysRevFluids.4.034305
https://doi.org/10.2118/574-G
https://doi.org/10.1016/S1359-0294(01)00084-X
https://doi.org/10.1016/j.jconhyd.2016.07.002
https://doi.org/10.1115/1.3173119
https://doi.org/10.1115/1.4023095
https://doi.org/10.1103/PhysRevE.93.023116
https://doi.org/10.1103/PhysRevApplied.5.044020
https://doi.org/10.1039/D4SM00678J
https://doi.org/10.1039/D1SM01186C
https://doi.org/10.1051/jphyslet:019850046013058500
http://link.aps.org/supplemental/10.1103/j3jz-x97q
https://doi.org/10.1103/PhysRevLett.105.044502
https://doi.org/10.1103/PhysRevE.99.012321
https://doi.org/10.1103/RevModPhys.45.574
https://doi.org/10.1039/D2SM00962E
https://doi.org/10.1103/PhysRevLett.120.148001
https://doi.org/10.1002/smll.201703575
https://doi.org/10.1021/acs.est.3c03700
https://doi.org/10.1021/i100015a014
https://doi.org/10.1002/aic.690260314
https://doi.org/10.1126/sciadv.abc2530
https://doi.org/10.5281/zenodo.15335841

