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Active swimmers are known to accumulate along external boundaries owing to their
persistent self-motion, resulting in a significant reduction in their effective mobility through
heterogeneous and tortuous materials. The dynamic interplay between the slowdown
experienced by the active constituents near boundaries and their long-time diffusivity is
critical for understanding and predicting active transport in porous media. In this work, we
study the impact of boundary layer accumulation on the effective diffusivity of active matter
by analyzing the motion of active Brownian particles in an array of fixed obstacles. We
combine Janus particle experiments, Brownian dynamics simulations, and a theoretical
analysis based on the Smoluchowski equation. We find that the shape, curvature, and
microstructure of the obstacles play a critical role in governing the effective diffusivity of
active particles. Indeed, even at dilute packing fractions of obstacles, ϕ = 12%, we
observed a 25% reduction in the effective diffusivity of active particles, which is much larger
than the hindrance experienced by passive Brownian particles. Our combined
experimental and computational results demonstrate a strong coupling between the
active force and the porous media microstructure. This work provides a framework to
predict and control the transport of active matter in heterogeneous materials.
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INTRODUCTION

The transport of living, colloidal-sized species through crowded environments plays a crucial
function in many natural and synthetic processes. For example, the transport of bacteria through soil
plays a beneficial role in bioremediation [1, 2], and novel drug delivery mechanisms seek to utilize the
proliferation of S. typhimurium to access tumor tissues that have been conventionally out of reach [3,
4]. In contrast, the transport of pathogens into wounds sites and mucosa can lead to life-threatening
infections without proper treatment [5–7]. The effective transport properties of bacteria in crowded
environments depend on the interplay between the swimmer motility and the boundaries that make
up the porous material [8]. Many forms of microscopic life enhance their transport via directed self-
propulsion, including E. coli bacteria, spermatozoa cells, and C. reinhardtii algae [9–11]. Recent
advancements in micro/nanoscale synthesis have also led to the creation of artificial swimmers that
are excellent tools in the study of autonomous self-propulsion [12–19]. Understanding the motion of
these living and synthetic “active matter” constituents embedded within heterogeneous materials is a
challenging problem because of the complex interactions between the swimmer and the material
boundaries. For porous materials composed of polymer networks, particle transport may be affected
by steric hindrance, nonspecific interactions (hydrophobicity, electrostatics), and specific
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interactions (ligand-receptor binding) [20, 21]. This behavior is
not unique to polymer networks; introducing even a dilute
concentration of immobile obstacles with purely excluded-
volume interactions provides a substantial slowdown to
diffusive flux [22–24].

In addition to the interactions experienced by non-motile
Brownian particles, active particles accumulate at physical
boundaries due to their persistent self-motion, characterized
by a boundary layer near the surface. This accumulation
occurs even in the absence of attractive interactions; the active
particles propel freely until hitting a surface and continue to
propel themselves toward the surface until they reorient and
escape into the bulk fluid. This behavior has been observed
experimentally and in simulations of rods and spheres, both
with and without hydrodynamic interactions [25–40]. A
mechanistic understanding of how the local accumulation near
physical boundaries affects the macroscopic mobility of active

matter through heterogeneous and tortuous materials is lacking.
In this work, we study the impact of boundary accumulation on
the effective diffusivity of active matter by analyzing the motion
of active Brownian particles (ABPs) in a system of rigid 2D
obstacles. The presence of boundaries in active systems reduces
the effective long-time self diffusivity by an amount that depends
on the average swimming speed (U0) and the average
reorientation time (τR). This is in sharp contrast to passive
Brownian particles, which do not accumulate along
boundaries, and whose effective diffusivity depends primarily
on the packing fraction of the obstacles [23, 41].

Many studies on active matter transport focus on the effect of
alignment along surfaces due to steric or hydrodynamic torques
aligning the swimmer parallel or perpendicular to boundaries [27,
36, 38, 40, 42–46]. However, a connection between transport and
surface accumulation of active matter [28, 32–34, 37, 47, 48]
without any imposed torques has not been fully explored. For

FIGURE 1 | Active particles experience a significant slowdown near obstacle boundaries and a reduction in effective diffusivity in a random array of fixed obstacles.
(A–C): Schematic demonstrating the obstructed motion of an active particle near a grouping of three obstacles. (D–G): Experimental images of a 4 μm Janus particle
(green semicircle) moving through 6.5 μm obstacle particles (magenta). (H) Displacement of the active Janus particle (green semicircle) tracked for 100 s. (I) Brownian
Dynamics (BD) simulation snapshot of active Brownian particles moving through a recreated copy of the same porous media as in the experiments. More individual
particle trajectories are available in the Supplementary Information (Supplementary Figure S1).
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active systems, the precise shape and curvature of the boundary can
have a strong effect on motility induced accumulation [33, 34, 49].
This increased accumulation corresponds to more time spent
“trapped” in the boundary layer, which inhibits the transport of
active matter in tight pores. Therefore, we hypothesize that active
swimmers experience a strong reduction in the relative diffusivity in
porous media due to the synergistic effects of active boundary
accumulation and boundary shape.

While many existing theories predict the diffusive transport of
passive Brownian particles through porous media [20, 22, 50–54],
the unique accumulation of active matter along
boundaries—especially at regions of large curvature—leads to
unexpected diffusive slowdowns that are not captured in
traditional theories. In this work, we combine Janus particle
experiments, Brownian dynamics simulations, and theory to
demonstrate that the transport of active matter in
heterogeneous materials is a strong function of the obstacle
shape, curvature, and microstructure. Experimentally, we rely
upon optical tracking of active particle trajectories, which has
been a powerful tool to study both living and artificial swimmers
in porous environments [49, 55–62], and allows for direct
comparisons to particle based simulations [63–71]. In addition
to advancing our basic understanding of active matter transport,

our work provides a mechanism to control the transport of active
matter in heterogeneous materials.

RESULTS

To obtain a mechanistic understanding of boundary layer
accumulation and slowdown of active matter in heterogeneous
materials, we combined Janus particle experiments, Brownian
dynamics (BD) simulations, and analytical theory. In our
experiments, we immobilized 6.5 μm lipid bilayer-coated silica
particles in a random distribution at the bottom of an imaging
chamber at ϕ ≈ 12% area fraction. We added a dilute
concentration of 4 μm silica Janus particles, coated on one side
with a thin layer of platinum and the other side with a lipid bilayer
containing fluorescently-labeled lipids (see Materials and
Methods). The silica beads sedimented to the bottom of the
imaging chamber, so our experiments are conducted in 2D. The
lipid bilayers on the obstacles and Janus half-coating contain
different fluorescent dyes, which enabled us to track both types of
particles simultaneously in different fluorescence channels. Upon
adding 2% hydrogen peroxide in Milli-Q water, the Janus
particles self-propelled [72–74] with speed U0 = 0.84 ±
0.01 μm/s and reorientation time τR = 14 ± 2 s. The self-
propulsive speed and the reorientation time were determined
via the mean instantaneous velocity and a fit to the known mean
squared displacement (see in Materials and Methods). We
conducted time lapse imaging and tracked the positions of the
obstacles and the Janus particles using a tracking algorithm [75].
In Figure 1, we show the motion of a single Janus particle moving
through a random array of obstacles, punctuated by an obstructed
motion of over 1 min in a local grouping of obstacles creating a
concave boundary. Eventually, the Janus particle reoriented,
propelled away from the concave boundary, and resumed an
active random walk (Figure 1H).

To corroborate our experiments, we developed BD simulations
in which the motion of ABPs are evolved following the
overdamped Langevin equation (see Materials and Methods).
We compare the experimental mean squared displacement
(MSD) with simulated active Brownian particle MSD to
determine if this simple model quantitatively captures the
transport behavior observed in the Janus particle experiments in
Figure 2. Comparing the two MSDs also allowed us to determine
that the entropic effect of immobile obstacles was the cause of the
diffusivity reduction, and not some unaccounted for mechanism
(e.g. hydrodynamic forces or interparticle attractions). To simulate
a dilute system, the active Brownian particles interact with obstacle
particles via a purely repulsive potential, but do not interact with
each other (“ideal gas” particles). We chose the active particle
swimming speed and reorientation time to match our Janus
particles, and we placed obstacles of the same size in the same
positions as the experiments. By using the experimental obstacle
particle positions as inputs into our simulations, we recapitulated
our precise experimental system in the simulations (Figure 1I).
Consistent with our experimental observations, we also observed a
similar accumulation of particles in local groupings of obstacles
that form a concave boundary.

FIGURE 2 | The effective diffusivity of active particles decreased by 25%
in a random array of fixed obstacles at ϕ ≈12% area fraction. The mean
squared displacement (MSD) of 4 μm active Janus colloids in experiments
(black symbols) agrees with that in our BD simulation of the equivalent
system using the active Brownian particle (ABP) model (cyan symbols), for
both the control case without obstacles (circles) and with a random
distribution of 6.5 μm obstacles (cross marks). Labelled diffusivities
correspond to the fit to the slope at times past 50 s in the experiments.
Standard error of the mean for the MSDs is available in the Supplementary
Figure S2. Additional MSD simulation data for different ABP activities is
available in Supplementary Figure S3.
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To quantify the effect of active particle accumulation and
slowdown near boundaries, we computed the mean squared
displacement (MSD) of the active particles in our experiments
and BD simulations, MSD(t) = 〈|r(t) − r (0)|2〉, where r(t) is the
position of the active particle at time t. We obtained the slope of the
MSD at large times to find the long-time self diffusivity of the active
particles in the experiments and simulations,
D � limt→∞(1/4)(dMSD/dt). As shown in Figure 2, we found
that the effective diffusivity of active Janus particles decreases by 25%
in the presence of fixed obstacles, fromD0 = 5.1 ± 0.2 μm2/s (without
obstacles) to DE = 3.8 ± 0.2 μm2/s (with obstacles). An ABP in a
dilute suspension in two dimensions has a self diffusivity of D0 �
DT + U2

0τR/2 without any obstacles present, whereDT is the thermal
Brownian diffusivity of an isolated particle. Our BD simulations
agreed quantitatively with the experimental values when we used
identical activity parameters with obstacles placed in the same
positions, confirming that our active Brownian particle
simulations are a proficient model of the experiments. For
passive Brownian particles in a dilute packing of rigid obstacles,
the effective diffusivity reduces to DT (1 − ϕ) [22]. Therefore, our
25% reduction in the effective diffusivity for active particles is about
twice as large as the relative reduction experienced by passive
Brownian particles at the same obstacle packing fraction, ϕ ≈ 12%.

In our experiments, we noticed that several 6.5 μm obstacle
particles formed local groupings with narrow constrictions
(Figure 3A), even at semi-dilute packing fractions (ϕ ≈ 12%).
Indeed, we quantified the crowding by finding the number of
other obstacle neighbors located within a surface-to-surface
distance of 4 μm (Figure 3B). We observed that the Janus
particles spent significantly more time in the concave region of
these emergent shapes as opposed to the convex side (Figure 3C).
We therefore hypothesized that the presence of these structures with
curved geometries plays an important role in reducing the effective
transport properties of active particles beyond the 1 − ϕ correction

observed in passive particles. Furthermore, we anticipated that the
role of obstacle geometry on the effective diffusivity is much larger
for active particles undergoing persistent self-propulsion compared
to passive particles translating due to thermal Brownian motion.

To test our hypothesis and to develop a micromechanical
understanding of the role of obstacle geometry on active particle
diffusion, we analyzed the distribution of active particles near obstacle
boundaries, P (x, y, θ, t), which satisfies the Smoluchowski equation

zP

zt
+ ∇ · U0qP −DT∇P( ) −DR

z2P

zθ2
� 0, (1)

where U0 is the self-propulsive speed of the active particles, q =
[ cos(θ), sin(θ)] is the unit orientation vector indicating the direction
of self-propulsion, and DT and DR = 1/τR are the translational and
rotational diffusivity, respectively. Eq. 1 is subject to the no-flux
boundary condition along the obstacle surface,
n̂ · [U0qP −DT∇P] � 0, and periodic boundary conditions
across the unit cell. The probability distribution is normalized,∫∫∫P dxdydθ = 1. We computed the density and polar order
fields of active particles at steady state (zP/zt = 0) by solving Eq.
1 using the finite element method via the software Freefem++ [76].

We obtained steady-state density and polarization fields by
taking orientational integrals over the full probability distribution,

n x, y( ) � ∫2π

0
P x, y, θ( ) dθ, (2a)

m x, y( ) � ∫2π

0
P x, y, θ( )q θ( ) dθ, (2b)

We numerically solved the full Smoluchowski equation for
a point-sized active particle around fixed obstacles with
different shapes. For a circular obstacle, we observed a
small accumulation of active particles near the surface, as
shown in Figure 4A. In contrast, for a curved obstacle, we

FIGURE 3 | Active Janus particles spent a significant amount of time near obstacle clusters that formed curved boundaries with narrow constriction sites. (A) Image
of an active Janus particle interacting with a grouping of obstacles that forms a curved boundary with concavity. (B) Histogram quantifying obstacle particle grouping.
Number of impassible neighbors is found by counting all the obstacle neighbors within distance 4 μm from a reference obstacle’s surface. Groups of obstacles within this
distance are impassible by a Janus swimmer with diameter 4 μm. Error bars are the standard deviation from six independent experiments. (C) Schematic
demonstrating the concave shape formed by the packing of obstacles.
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observed a significant increase in the number density n (x, y)
and polar order vector m (x, y) near the obstacle surface,
especially at regions of large concavity (Figures 4D–F). Our
results in Figure 4 are presented for a mild activity of U0τR/δ =
1, where δ � �����

DTτR
√

is the microscopic length describing how
far the active particle thermally diffuses before it reorients.
Even for mild activity, we observed a 40% increase in density
accumulation along the inner surface compared to only 12%
near the circular obstacle. The active Janus particles in our
experiments have an activity of U0τR/δ = 100, which would
cause an even larger increase in the density and polar order
enhancement at concave boundaries. Our Smoluchowski
analysis suggests that the obstacle arrangement and shape
play a critical role in governing local trapping of active
particles in porous media.

Motivated by our micromechanical understanding of active
particles near curved obstacles (Figure 4), we hypothesized that the
effective diffusivity of active particles in an array of obstacles should
depend on the specific shape of the obstacles. To these ends, we
conducted BD simulations of active Brownian particles moving
through a square lattice of obstacles, carefully varying the curvature
while preserving the packing fraction to keep the excluded volume
constant within a unit cell. As a model obstacle shape with

smoothly-varying curvature, we utilized the “Cassini Oval”
(Figures 5B–D), which is described by the equation

x + a( )2 + y2[ ] x − a( )2 + y2[ ] � b4, (3a)
A � 2b2E

a4

b4
( ), (3b)

κ* � 1
b

2a2/b2 − 1��������
1 − a2/b2√⎛⎜⎜⎜⎝ ⎞⎟⎟⎟⎠ (3c)

where a and b are two shape parameters (a < b), κ* is the maximum
curvature in the shape, A is the shape area, and E(x) is the complete
elliptic integral of the second kind. The Cassini Oval is a modification
of the traditional ellipse with the product of the distance to two foci
(located at x=±a) kept constant at b2. The shape extends laterally and
shrinks vertically as it is deformed at constant area, which would
generate anisotropies and slowdowns in the effective diffusivity for
even passive Brownian particles. Since we wish to isolate the effects of
curvature, and not the artifacts from lateral elongation of the shape,
we performed BD simulations on both passive and active Brownian
particles to quantify the effects of curvature and shape elongation.
Passive Brownian particles with purely excluded-volume interactions
do not accumulate along boundaries, so any change in their

FIGURE 4 | Active constituents accumulate along boundaries due to their persistent self-motion, with a significant increase in density and polar order along curved
boundaries with large concavity. (A–C): Density and polarization fields around a circular obstacle (radius over run length R/(U0τR) �

��
7

√
/4) with dashed lines to guide the

eye around the faint increase in contours. The fields are normalized by n∞, the bulk concentration of active particles far away from the boundary. (D–F): the concentration
and polarization fields around a curved obstacle with large concavity (Rinner/(U0τR)=1/2, Router/(U0τR)=1). A convex, circular obstacle experiences a 12% increase in
active particle accumulation, while a concave shape in the same active bath experiences a 40% increase in active particle accumulation at the inner side, indicating that
the specific arrangement and shape of obstacles play a key role in the effective diffusivity of active particles. We used the same obstacle area fraction of σ ≈ 5.5% and
activity U0τR/δ =1 in both cases, where δ � �����

DT τR
√

is the microscopic length.
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diffusivity is due to shape elongation within the unit cell. We have
conducted BD simulations at different activities and obstacle packing
fractions, and found that the effective diffusivity is well-approximated
by the expression D0 (1 − ϕ) for dilute packing fractions, where D0 is
the bulk diffusivity in 2D in the absence of any obstacles. This is a
proficient analytical expression for all activities at dilute obstacle
densities (See Supplementary Figures S4, S5). However, at larger
packing fractions of obstacles greater than ϕ ≈ 5%, we observe
deviations in this expression as a function of varying activity
parameters. For example, as (U0τR)κ* > 1, the scaled diffusivity
decreases compared to the passive case, due to the reduced swim
diffusivity in the boundary layer.

To isolate the diffusivity reduction due to obstacle shape, we
computed a scaled diffusivity deviation given by

ΔD
D0

� DE − ~D

D0
, (4)

where DE is the effective diffusivity measured from the MSD,
D0 � DT + U2

0τR/2 is the diffusivity without any obstacles, and
~D � D0(1 − ϕ) is a first correction to the diffusion constant due
to excluded volume effects of circles in a square lattice [22]. In
Figure 5, we show our BD simulation results for an obstacle
packing of ϕ = 5.5%. Using active particles of diameter σ, we set
the activity as U0τR/σ = 100, δ/σ � 5

�
2

√
, and the shape area as A/

σ2 = 400π. As the concave curvature of the obstacle increased, we
found a large reduction in the effective diffusivity along the
direction facing the concavity (Dy) whereas the diffusivity
along the other direction (Dx) remained approximately
constant. As the local curvature of the shape increased, the
conserved area moves off to the sides, slightly thinning its
vertical projection and expanding its horizontal projection.
The effect of obstacle shape elongation on the effective
diffusivity is measured by the deviation in the passive case
(black circles and crosses in Figure 5A). In the active case,

FIGURE 5 | Curved obstacles with a large concavity generate a significant slowdown in diffusive transport of active particles compared to purely convex shapes at
the same packing fraction. (A) Scaled diffusivity deviation as a function of shape concavity for the Cassini Oval shape described by Eq. 3, where bκ* is the non-
dimensional curvature at the top of the inclusion. The diffusivity along the direction facing the concavity, Dy, decreases by 24% for the active particles for highly concave
obstacles compared to 12.5% for the passive Brownian particles, indicating that the coupling between the active force and curvature plays a key role. Total packing
fraction is fixed at ϕ ≈5.5%, and error bars are the standard deviation of three independent trials. (B–D): Schematics of area preserving Cassini Ovals for three different
parameter sets. The two foci are separated a distance of 2a. Beyond a critical distance, a � b/

��
2

√
, the shape becomes concave.
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there is an additional contribution that we designate as the active-
curvature coupling.

As shown in our data forDy in Figure 5A, the active-curvature
coupling contribution to the effective diffusivity is equally as large
as the diffusivity reduction due to obstacle shape elongation. Due
to their persistent self-propulsion, the active particles experience
a large accumulation of density and polar order fields near
boundaries with large concavity, consistent with our
Smoluchowski analysis in Figure 4. The magnitude of this
boundary layer accumulation is a strong function of curvature
and activity, and we have observed that the effect becomes more
important at high activity and semi-dilute obstacle packing (see
Supplementary Figures S4, S5). Our results validate our
hypothesis that the shape and curvature of the obstacles play a
critical role in governing the effective mobility of active particles
in porous materials. The physical mechanism behind this
phenomenon is that active matter accumulates along
boundaries, especially along curved and concave surfaces,
where active particles are trapped. Therefore, the specific
shape and arrangement of obstacles within a porous material
modulate the effective diffusivity of the active particles in a
manner that is more significant compared to passive Brownian
particles.

DISCUSSION

In this work, we discovered that the obstacle packing fraction
alone is insufficient to provide an accurate prediction of effective
active particle diffusivity. The specific shape and distribution of
physical obstacles plays a critical role in determining active
transport. The microscopic details of the external boundary
strongly influences the macroscopic observables like the long-
time self diffusivity. Both in our experiments and simulations, a
random packing of obstacles led to concave structures with
narrow constriction sites that gave rise to a significant
accumulation of active particles. We showed that the local
slowdown of active particles within the boundary layers has a
direct effect on their overall mobility across the porous material.
We focused on obstacle curvature and microstructure as metrics
for predicting the effective diffusivity, which is complementary to
other porosity metrics, like chord-length distributions [77] or
tortuosity measurements [52].

Our scientific basis for focusing on the obstacle shape and
curvature was inspired by the strong connection between active
matter accumulation and its force generation along boundaries
[32, 74, 78, 79]. For example, Burkholder and Brady derived a
macrotransport based model to connect fluctuations in surface
accumulation and the enhancement in diffusivity of passive
spherical tracers [80]. Furthermore, the surface accumulation
is highly dependent on surface curvature [28, 31, 33, 34]; the
accumulation on certain parts of an asymmetric shape can lead to
a pressure imbalance and net translation of anisotropic colloidal
tracers [11, 81]. These studies showed that active matter can
impart forces on its environment; however, in our work, we
focused on how the micromechanical details of the environment,
like curved boundaries, can alter the dynamical properties of the

active particles. We validated that a strong coupling between
surface curvature and active matter accumulation decreases the
diffusivity of active particles by a much larger relative degree than
the slowdown expected for equivalent passive Brownian particles.

The surface accumulation of active particles around a single
obstacle with small curvature ((U0τR), δ ≪ 1/κ) is shown by Yan
and Brady [33]:

nsurf
n∞

� 1 + ℓ
2

2δ2
+ κℓ2λ′ +O κℓ2λ′( )2, (5)

where n∞ is the bulk concentration of active particles, κ is the
curvature in units of inverse obstacle length, ℓ = U0τR is the run
length, and λ′ �

����������
(1 + 1

2(ℓ/δ)2
√

/δ is the inverse screening length
of the boundary layer. As the curvature goes from κ = 0 (e.g. a flat
wall) to a convex curvature κ < 0 (e.g. the outside of a circle), the
surface accumulation decreases proportionally. However, if
regions of the shape have a concave curvature κ > 1 (e.g. the
inside of a circle), the accumulation increases. To first order in
curvature, the accumulation described in Eq. 5 predicts no net
force on an asymmetric surface [33], and higher order curvature
expansions are needed to get a nonzero force. The need for large
curvatures is consistent with our simulations (Figure 5), where
we found that the active-curvature coupling effect on the
diffusivity is small until the nondimensional curvature is large,
κℓ ≫ 1, (see Supplementary Figure S4). For our most curved
obstacle in Figure 5D, our analysis from Eq. 5 leads us to define
our grouping of κℓ2λ′ ≈ 7 × 103. The effect of active-curvature
coupling is expected to increase dramatically in dense, tortuous
media, leading to the mechanism of hopping and trapping
transport. Other mechanisms of motility, such as the run-
reverse mechanism seen in bacteria and archaea [82, 83], can
enable swimmers to avoid the slowdown resulting from boundary
accumulation and enhance transport between highly curved
pores [64].

We focused on the effects of immobile obstacles with purely
excluded volume interactions. However, soft porous materials
present a rich opportunity for future study. Boundary
fluctuations of soft surfaces are important for particle
transport in mucus, hydrogels, and other polymeric networks
[20, 84, 85]. Active particles have been shown to induce large
deformations on soft membranes [86, 87], changing the
curvature and transport drastically. Hydrogel networks and
sediments in 3D provide an additional degree of freedom for
a swimmer to avoid obstacles. In 2D, close packing of disks
precludes transport; however, a close packing of spheres in 3D
allows for bicontinous percolation, resulting in a reduced but
nonzero diffusivity.

Our work opens up opportunities for future experimental work
to control active matter diffusion via the design of obstacle shape
and arrangement. Convex, nonspherical inclusions can be used to
control transport and create anisotropic spreading of bacteria along
a predefined axis. Novel sorting mechanisms have already been
developed using asymmetric blockers [37], and the method could
be extended to sort mixtures of swimmers with different types of
motility [88]. Precise consideration of the activity-curvature
coupling on transport serves as a promising route to increase
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the efficacy of these sorting methods, and may lead to more
accurate predictions of bacterial transport coefficients.

MATERIALS AND METHODS

Experiment Preparation
Lipid-coated silica beads were created by coating silica micro-
beads with a supported lipid bilayer (SLB). Small unilamellar
vesicles (SUVs) were prepared by rehydrating a lipid sheet
composed of a mixture of phospholipids with pure deionized
water to a concentration of 0.2 mg/ml. For the Janus particles, we
used 1,2-dioleoyl-sn-glycero-3-phos-phocholine (DOPC) with
5% of 1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) and
0.3% of Atto 488-1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine (DOPE-Atto 488) fluorescent dye. For
the obstacle particles, we used DOPC with 5% of 1,2-dioleoyl-
3-trimethylammonium-propane (DOTAP) and 0.3% of Atto
647-DOPE (DOPE-Atto 647). After rehydrating the lipids for
30 min, the solution was vigorously vortexed, sonicated at low-
power (20% power) using a tip sonicator (Branson SFX250
Sonifier). The resulting SUV solution was buffered with a
MOPS buffer (50 mM MOPS, 100 mM sodium chloride, pH
7.5). DOPC (catalog number: 850375), DOPS (catalog number:
840035), and DOTAP (catalog number: 890890) were purchased
from Avanti polar lipids. DOPE-Atto 488 and DOPE-Atto 647
were purchased from ATTO-TEC GmbH. Silica microspheres
(4.0μm; catalog code: SS05002 and 6.5μm; catalog code: SS06N)
were purchased from Bangs Laboratories.

Silica microspheres with diameters 4 and 6.5 μm were cleaned
using a 3:2 mixture of sulfuric acid:hydrogen peroxide (Piranha)
for 30 min in a bath sonicator, and were spun down at 1000g and
washed 3 times before being resuspended in pure water. We
fabricated Janus particles from the cleaned 4 μm particles by
depositing a monolayer on a glass slide, and coating half of the
particle surface with a 2 nm-thick layer of chromium and 8 nm-
thick layer of platinum using an E-beam evaporator at a
deposition rate of 0.1 �A/s. To form SLBs on the Janus
particles and the beads, 50 μL of SUV solution was mixed
gently with 10 μL of clean bead suspension. The bead/SUV
mixture was incubated for 15 min at room temperature while
allowing the beads to sediment to the bottom of the tube. Beads
were washed 5 times with pure deionized water by gently adding/
removing the liquid without resuspending the beads into
solution. We verified the fluidity of the SLB by imaging beads
on a glass coverslip at high laser intensity, where the diffusion of
labeled lipids was visible after photo-bleaching a small region.

For the 4 μm Janus particles, the SLBs coated only half of the
particle surface exposed to clean silica. The side with the platinum
did not get coated with an SLB.When these SLB half-coated Janus
particles were deposited in a 2% solution of hydrogen peroxide,
the particles self-propelled pointing away from their platinum
half-coating via self-diffusiophoresis. Since silica is more dense
than water, the Janus particles moved in 2D along the bottom of
the imaging chamber. Within the time frame of our experimental
measurements, we did not observe any significant degradation of
the SLB from hydrogen peroxide.

For the 6.5 μm obstacle particles, we obtained a uniform SLB
across the entire surface of the silica bead. We added a
positively-charged DOTAP lipid to the SLB to facilitate a
strong electrostatic attraction between the obstacle particles
and the borosilicate coverslip substrate. We found that most
obstacle particles remained fixed along the bottom substrate
with no observable Brownian motion. We did not observe any
adhesion or fusion of the SLBs between the obstacles and the
Janus particles.

The SLB-coated obstacle particles were added into the imaging
chamber at a desired density, followed by the SLB half-coated
Janus particles. We added 2% hydrogen peroxide into the
chamber and conducted time lapse imaging. All imaging was
carried out on an inverted Nikon Ti2-Eclipse microscope (Nikon
Instruments) using an oil-immersion objective (Apo ×60,
numerical aperture (NA) 1.4, oil). Lumencor SpectraX Multi-
Line LED Light Source was used for excitation (Lumencor, Inc.).
Fluorescent light was spectrally filtered with emission filters (515/
30 and 680/42, Semrock, IDEX Health and Science) and imaged
on a Photometrics Prime 95 CMOS Camera (Teledyne
Photometrics). Experimental results presented in this work are
an average over six independent replicates of systems with
obstacles and three independent replicates of systems without
obstacles as a control.

Particle Tracking in Experiments
To determine the effect of the porous media on transport, we
measured the Janus particle trajectories with and without the
presence of the fixed obstacles. We used a modified MATLAB
script based on IDL code by Crocker and Grier [75] to track the
individual Janus particles by identifying each particle center and
tracking its trajectory over time using an image stack with one
frame taken every second. We removed any macroscopic drifts by
enforcing that the mean displacement over all particles was zero
at any time. We filtered out any Janus particles that were
immobile due to defects of the particle (defined as moving less
than 30 μm over 100 s or if it moved in only one direction via
macroscopic drifts). In all experimental results, we tracked the
particles for times t > 7τR. We obtained the Janus particle mean
swim speed, U0, and reorientation time, τR, using the control
experiments in the absence of obstacles. We obtained the mean
swim speed by averaging all tracked particles’ velocity over time,

U0 � 〈ΔrΔt〉. (6)

Themean swim speed was determined to beU0 = 0.84 ± 0.01 μm/s
with the reported error as the standard error of the mean. We
obtained the reorientation time by measuring the bulk diffusivity
for the control experiment in the absence of obstacles,

D0 � DT + U2
0τR
2

, (7)

whereDT ≈ 0.1 μm2/s is the thermal Brownian diffusivity for 4 μm
diameter spheres using the Stokes-Einstein-Sutherland relation
[89–91]. We note that the thermal Brownian diffusivity is
negligible compared to the self-propulsive component. Using
the experimental measurement of the bulk diffusivity,
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D0 = 5.1 μm2/s, we obtained the reorientation time and standard
deviation τR = 14 ± 2 s using Eq. 7. As a separate measurement,
we computed τR using the Janus particle orientation
autocorrelation in 2D,

〈q t( ) · q 0( )〉 � e−t/τR . (8)
We obtained the Janus particle orientations directly from particle
tracking, and we obtained a reorientation time τR ≈ 10 s using Eq.
8. This measurement is similar to the value we obtained using Eq.
7, especially considering the difficulty in finding the orientation
using the velocity vector. We concluded that the particles are
behaving as active Brownian particles in 2D. In principle, the
Janus particles are located along a 2D plane but can reorient in
3D. However, the platinum coating makes the catalytic half-
surface more heavy and causes the Janus particles to tilt
downwards, making the particle move effectively in 2D. We
note that the direction of self-propulsion points away from the
platinum half-surface, so the configuration of the platinum half-
surface pointing vertically down appears to be an unstable state.

Brownian Dynamics Simulations
The parameters (U0, τR) obtained from the control experiment
are then used as inputs into our Brownian dynamics simulations
in Figure 2. In Figure 5, the parameters were chosen as described
in the caption.We implemented our simulations using HOOMD-
blue, a molecular dynamics (MD) simulation package in Python
[92]. We focused on the dilute limit of a single active Brownian
particle (ABP) in 2D interacting with fixed hard-sphere obstacles.
Hydrodynamic interactions are ignored in these simulations. The
ABP model describes a swimmer with constant propulsion force
but white noise torques [11, 93–96]. Hard-sphere like interactions
between the obstacles and the ABPs were implemented using the
Weeks-Chandler-Andersen (WCA) [97] potential (Eq. 10). For
the nonspherical Cassini Oval, the structure was formed using
overlapping rigid surface particles offset so that the surfaces of the
particles formed the boundaries of the Cassini Oval.

The ABPs were initialized and integrated according to the
overdamped Langevin equations of motion:

dxi
dt

� ����
2DT

√
ηi t( ) + Fwca xi, xj( )

ζ
+ U0q (9a)

dθi
dt

� ����
2DR

√
ξi t( ) (9b)

where Fwca is the force on the particle from all potentials and
constraints, ζ is the drag coefficient, q = [ cos θ, sin θ] is the unit
vector describing particle orientation in 2D, DR = 1/τR is the
rotational diffusion coefficient, and (ηi, ξi) are random variables
obeying the zero mean and variance consistent with the
fluctuation-dissipation theorem. We used a timestep of Δt =
0.001 s, and set the thermal diffusivity to match our experiments
at DT = 0.1 μm2/s. The drag coefficient and the energy scale of the
potential were chosen such that force induced velocity at contact
is 24ε

ζσavg
� 0.6 μm/s, which is similar in magnitude as the self-

propelled velocity U0. The WCA force is given by

Fwca � −∇Vwca (10a)

Vwca rij( ) � 4ε
σ

rij
( )12

− σ

rij
( )6⎡⎣ ⎤⎦ + ε, r≤ 21/6σ. (10b)

The particle diameters σABP and σobs were preset to 4 and
6.5 μm for Figure 2, and for Figure 5 they were chosen to be small
compared to the radius of the disk shown in Figure 5B, σ/R = 1/
20. We used periodic boundary conditions to simulate a
continuous domain. Simulations are visualized using
OVITO [98].
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