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Disorder-induced persistent random motion and trapping
of microswimmers

Mirko Residori,a Sebastian Aland,bcde and Christina Kurzthaler∗ade

Microorganisms often move in confined, disordered environments, where hydrodynamic couplings
can modify their transport behavior. Using extensive finite-element simulations, we investigate the
dynamics of microswimmers – modeled as squirmers – in two-dimensional disordered porous media
by resolving the full hydrodynamic interactions. We reveal that the deterministic coupling between
activity, hydrodynamics, and disorder is sufficient to generate effective diffusive transport. Strong
pushers and pullers become localized in the porous medium either by trapping at corners or dynamic
trapping, depending on swimmer type and the obstacle packing fraction. Squirmers can escape
from dynamic traps, leading to a prominent “hop-and-trap” dynamics. Strikingly, we find a pusher-
puller asymmetry in the trapping probability that can be reversed by short-range swimmer–obstacle
interactions, highlighting the sensitivity of transport to near-field effects.

Converting chemical energy into directed motion allows microor-
ganisms to optimize their survival strategies and to perform bi-
ological functions1–5, while synthetic microrobots – equipped
with a self-propulsion mechanism – are expected to play a ma-
jor role for future nano-technological applications, ranging from
targeted-drug-delivery6,7 to bioremediation8,9. At microscopic
scales, the dynamics of these active microswimmers are dom-
inated by viscous forces10, imposing constraints on the swim-
ming kinematics. Geometrical confinement of their surround-
ings further shape their transport behavior through hydrody-
namic couplings and steric interactions11–13. Complex disor-
dered media, omnipresent in natural and technological contexts,
have been demonstrated to modify the motion of bacteria14,
worms15, and active colloids16 to intriguing hop-and-trap dy-
namics, while truncating their directional persistence and con-
trolling large-scale bacterial transport through repeated surface-
scattering events17. Revealing the physical ingredients underly-
ing these non-equilibrium processes not only provides fundamen-
tal insights into microbiological systems but also paves the way
towards novel synthetic smart microswimmers capable to adapt
to their surrounding environment18–22.
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From a theory perspective, in the absence of hydrodynamic in-
teractions transport of “dry” active particles through porous me-
dia has revealed localization in geometric pockets and corners
driven by steric interactions23–29. Recent studies have demon-
strated that self-propelled microswimmers optimize their diffu-
sion through porous media via tuning their reorientation mecha-
nisms, such as run-and-tumble or run-reverse patterns, allowing
them to truncate their trapping phases in geometric pockets and
to hop through the pore space24–28,30,31. While this body of work
highlights the importance of geometry, it typically neglects hy-
drodynamic couplings between a swimming microswimmer and
nearby surfaces, which could play an important role in confined,
complex environments.

Hydrodynamic interactions have been studied, both experi-
mentally and theoretically, primarily for planar walls32–39 and
isolated spherical obstacles40,41, which have been demonstrated
to profoundly influence swimmer dynamics, leading to scattering,
stable swimming states, and trapping near boundaries. These ef-
fects depend strongly on the swimmer’s shape, its hydrodynamic
(such as pusher/puller) signature, and tumbling behavior, and
can be strongly amplified by the properties of the confinement,
such as repulsive potentials37,38, surface structure42, or bound-
ary deformability43. A paradigmatic model for describing mi-
croswimmers in this context is the squirmer model, which was
first introduced by Lighthill44 and later refined by Blake45,46.
Within this framework, swimmer–surface interactions are known
to depend sensitively on the prescribed surface-slip modes. In
particular, it has been shown that hydrodynamic interactions
alone can result in squirmer trapping at boundaries, alignment,
or scattering from planar walls, as well as forward and backward
orbiting around single obstacles37,47–53. Extensions to periodic
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lattices have further demonstrated how geometric confinement
guides swimmer trajectories and induces localization54–57. While
these studies offer valuable insights into swimmer-surface inter-
actions in controlled settings, microorganisms are typically found
in much more complex environments, where disorder is an intrin-
sic property of the system. In such settings, swimmer–boundary
interactions, geometric disorder, and activity are intricately cou-
pled, making it difficult to anticipate the transport behavior of
swimmers from single-obstacle studies.

In this work, we isolate the effects of hydrodynamic interac-
tions and spatial disorder on swimmer dynamics, while neglecting
rotational noise or tumbling mechanisms of active microswim-
mers. Combining a phase-field approach with extensive finite-
element simulations, we study the motion of squirmers through a
disordered porous medium. Our results reveal that deterministic
hydrodynamic interactions with disordered obstacles give rise to
multiple distinct trapping mechanisms, including static confine-
ment, quasi-periodic orbital states, and geometric pocket trap-
ping. Moreover, we find a pronounced asymmetry between push-
ers and pullers, leading to qualitatively different survival prob-
abilities and transport regimes. Even in the absence of noise,
swimmers exhibit diffusive, sub-diffusive, or super-diffusive mo-
tion, demonstrating that disorder-induced hydrodynamic reori-
entation alone is sufficient to generate anomalous transport and
localization.

1 The Model
We consider a microswimmer navigating a disordered environ-
ment at low Reynolds number in two dimensions (2D). The
swimmer is modeled as a disk-shaped squirmer of radius a,
self-propelled by a prescribed tangential slip-velocity at its sur-
face ∂S 44–46:

uuuS = B1 (1+β ppp ·nnn)(nnnnnn− I) · ppp, (1)

where nnn denotes the unit surface normal and ppp is the swimming
direction. Further, B1 represents the first squirming mode, which
sets the swim speed in free space U = B1/258. The swimmer
type is characterized by the dimensionless squirming parame-
ter β , measuring the stresslet strength, where β < 0 corresponds
to pushers, β = 0 to neutral swimmers, and β > 0 to pullers. A
sketch illustrating the setup is provided in Fig. 1 .

The disordered medium is represented by N randomly dis-
tributed non-overlapping disks of radius R59 and characterized
by the packing fraction φ = NπR2/L2, where L is the length of the
domain. To prevent overlap between the squirmer and the obsta-
cles we apply a short-ranged repulsive potential ensuring that the
swimmer-obstacle distance exceeds the minimal distance hcut.

The spatially-varying fluid velocity and pressure fields, uuu(xxx, t)
and Π(xxx, t), are governed by the quasi-steady incompressible
Stokes equations:

µ∇
2uuu = ∇Π and ∇ ·uuu = 0, (2)

with viscosity µ and no-slip boundary conditions on the obsta-
cle surfaces. The velocity on the squirmer surface (∂ S) en-
tails its translational and angular velocities, UUU and ω, via:

xC

n
p

ϑ

uS

Fig. 1 Squirmer sketch. Here, xxxC is the squirmer center of mass, ppp
denotes the squirmer orientation, ϑ corresponds to the angle between
the squirmer orientation and the x−axis, and nnn is the unit normal to
the squirmer surface pointing outward. Further, the slip velocity uuuS is
indicated in blue at the squirmer surface for β = 0. The line thickness
indicates the slip velocity magnitude rescaled as 5∥uuuS∥/U .

uuu = uuuS + UUU + ωeeez × rrr (with eeez the unit normal to the 2D plane
and rrr pointing from the swimmer center to its surface). The ve-
locity and pressure fields and the velocities of the swimmer are
obtained by solving the Stokes equations, subject to the force-
and torque-free conditions on the swimmer:∫

∂S
nnn ·σσσ dS = 000 and

∫
∂S

rrr×nnn ·σσσ dS = 000, (3)

where σσσ = −ΠI+ µ(∇∇∇uuu + ∇∇∇uuuT ) is the stress tensor. We em-
ploy a phase-field approach for the squirmer and perform finite-
element simulations with adaptive grid refinement60–65, taking
into account periodic boundary conditions to model an effec-
tively infinitely-large porous medium. The swimmer’s instanta-
neous center of mass xxxC(t) and orientation ϑ(t) are then updated
according to the equations of motion: ẋxxC(t) = UUU and ϑ̇(t) = ω.
Details of the numerical implementation and its validation with
Refs.47,53 are provided in the Appendix.

2 Results

We perform extensive numerical simulations to investigate the dy-
namics of microswimmers, characterized by different squirming
parameters β =−8, . . .8. Specifically, we set R = 4a and L = 128a,
and select two cut-off values δ = hcut/a = 1/20,1/4, which can
lead to different squirmer-obstacle interactions38. To resemble
dilute and dense porous media, we consider two packing frac-
tions, φ = 0.15 and 0.45. We remark that from the perspective
of a squirmer of radius a interacting via a short-range repulsion
of range δ , the relevant excluded radius becomes Reff = R+a+δ .
The corresponding effective packing fraction, accounting for over-
laps of the enlarged disks, can be extracted numerically and yields
φeff ≈ 0.69 for the dense systems considered here. Thus, although
φ = 0.45 may appear moderately dilute, the swimmer effectively
experiences a medium close to the percolation threshold59. We
collect representative statistics by sampling 128 trajectories, start-
ing at different locations with different initial orientations, for
four different porous media realizations and each parameter set.
The initial position is restricted to lie within the percolating clus-
ter of the medium.
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β
−8
−4
0
2

Fig. 2 Representative trajectories of squirmers in a disordered porous medium. (Left) Four swimmers with different squirming parameters β start
at the same position and orientation (dark gray disk). The end points of the trajectory are marked by the red stars. Here, we set the packing fraction
to φ = 0.45 and use the cut-off δ = 1/20. (Inset) A trajectory transitioning between dynamic trapping phases and free swimming motion. (Right)
Examples of dynamically trapped trajectories exhibiting quasi-periodic motion for β = 0 (top) and β =−4 (bottom). Trajectory opacity makes repeated
overlaps appear darker. In the former case, trapping is of topological origin, whereas in the latter it arises from hydrodynamic interactions. The shaded
regions around the obstacles indicate the effective disk radius, accounting for both the squirmer size and the short-range repulsive interaction.

2.1 Microswimmer dynamics: from swimming to trapping

To elucidate the impact of the squirming parameter on active mo-
tion through a dense disordered porous medium (φ = 0.45), we
consider trajectories starting from the same initial position and
orientation. Distinct swimming patterns emerge, as shown in
Fig. 2 (left) and in the supplementary movies. Neutral squirm-
ers (β = 0) undergo frequent scattering from obstacles, leading
to long, curved trajectories through the pore space. Increas-
ing |β | > 0 results in trapping of squirmers in localized regions,
whose nature depends on both the squirmer strength and the
pusher/puller flow signature. For instance, a puller (β = 2) is
scattered by several obstacles before it ends up statically trapped
at a fixed position due to geometric confinement. Differently, a
pusher with β = −4 becomes trapped and orbits around a single
obstacle. Decreasing the squirmer parameter (β = −8) leads to
its localization between two obstacles, where it follows a quasi-
periodic orbit, as the increase in squirming parameter enables hy-
drodynamic interactions with a second nearby obstacle. Here, it
is important to clarify that a quasi-periodic orbit is referred to a
trajectory that remains spatially confined and repeatedly follows
a similar path, but does not close exactly on itself. Instead, the
swimmer returns slightly displaced from its initial position after
each cycle. For instance, in the single-obstacle case the orbital
motion is accompanied by small oscillations, so successive revo-
lutions do not exactly repeat the same trajectory. Similarly, be-
tween two obstacles the swimmer undergoes multiple scattering
between them while following a nearly identical path, yet each
cycle terminates at a slightly shifted location, see Fig. 2 (right).

Inspection of our full dataset thus reveals two distinct states:

exploration of the pore space and localization, either in the form
of static trapping at obstacle boundaries or dynamic trapping in
confined pockets. Transitions between the two states are also ob-
served, see Fig. 2(left-inset). Here, the squirmer first becomes dy-
namically trapped and orbits between two obstacles. As the orbits
are not closed, the swimmer eventually escapes and explores the
medium. Subsequently, it enters a second dynamic trap formed by
more closely spaced obstacles, where it remains for the remainder
of the simulation, spending significantly longer times there than
in the first trap.

These different behaviors are also observed for the dilute
porous medium, yet with different statistical signatures depend-
ing on the squirmer parameter, the flow signature, and the short-
range repulsive potential.

2.2 A note on steric vs. hydrodynamic interactions

It is worth noting that in the absence of hydrodynamic interac-
tions, the microswimmer cannot reorient in our model as the
steric interactions are only repulsive. To isolate the role of hy-
drodynamic interactions from purely steric effects, we performed
simulations in which hydrodynamics was switched off while keep-
ing the porous geometry and short-range repulsive obstacle inter-
action unchanged. In this case, swimmers move with fixed speed
B1/2 and retain their initial swimming direction. The resulting
dynamics is therefore only affected by the geometry. In dense en-
vironments (φ = 0.45), swimmers become statically trapped with
probability one. In dilute environments (φ = 0.15), by contrast,
the trapping probability is P ≈ 0.65 and the survival probability
approaches a plateau S(t) ≈ 0.35, for t → ∞. The free trajecto-
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Fig. 3 Exploring microswimmers. Mean-squared displacement ⟨|∆rrr(t)|2⟩/a2 for microswimmers exploring the disordered medium. The left and right
panel show results for δ = 1/20 and δ = 1/4, respectively. Further, φ denotes the packing fraction and β is the squirming parameter. The triangle
marks the crossover time τ = (R+a)/U , corresponding to the time it takes the microswimmer to move the center-to-center contact distance.

ries display ballistic mean-squared displacement scaling, indicat-
ing that swimmers continue along nearly straight paths. The de-
pendence on δ is negligible in both dense and dilute systems,
demonstrating that in the no-hydrodynamics limit the trapping
probability is controlled mainly by the arrangement of obstacles
and the available pore space, rather than by the precise range
of the steric repulsion. These control simulations are therefore
consistent with a picture in which steric interactions alone pro-
duce geometric trapping, while hydrodynamic interactions are re-
quired for nontrivial reorientation and transport dynamics.

2.3 Exploring microswimmers: disorder-induced persistent
random motion

To quantify the statistical properties of the different states emerg-
ing from hydrodynamic interactions, we first identify parameter
combinations (φ , δ , β) that allow squirmers to explore the en-
vironment without being trapped. We analyze the motion of
these microswimmers in terms of their mean-square displacement
(MSD), ⟨|∆rrr(t)|2⟩, where ∆rrr(t) = xxxC(t)− xxxC(0) is the displace-
ment at time t. Irrespective of the parameter set, our results
show that at short times the MSDs obey ⟨|∆rrr(t)|2⟩ ≈ U2t2 due
to their purely persistent swimming motion (Fig. 3). Once the
microswimmers have traversed the center-to-center contact dis-
tance, t ≈ τ := (R+a)/U , the MSDs start to deviate from a purely
persistent behavior as hydrodynamic interactions with the ran-
domly distributed obstacles impact their dynamics through mod-
ifying the swimming direction. Details of these interactions de-
pend on the specific parameters.

In particular, for a small cutoff, δ = 1/20, and a dense porous
medium, φ = 0.45, free trajectories are observed only for neu-
tral squirmers (β = 0) (Fig. 3, left). These display a diffusive
behavior at long times ⟨|∆rrr(t)|2⟩ ∼ t, indicating that successive
encounters with obstacles effectively randomize their swimming
direction. For dilute systems (φ = 0.15), the MSD displays a super-
diffusive regime at long times for β ∈ {−1,1,2} with a clear trend:

pullers exhibit more pronounced super-diffusive behavior than
pushers. This occurs because puller interactions with obstacles
lead to fewer tangential sliding events and less frequent reorien-
tations, in contrast to their pusher-counterpart, allowing them to
preserve an effectively persistent motion for extended times, see
Appendix A.6.

By increasing the potential range (δ = 1/4), we find that mod-
erate pushers (β = −2) in dilute systems (φ = 0.15) also remain
untrapped. This occurs because the repulsive layer increases the
minimum squirmer–obstacle gap: since hydrodynamic interac-
tions are strongest at small gaps, preventing close approach weak-
ens the near-field coupling between the swimmer and the obsta-
cles (Fig. 3, right). The same qualitative trend is observed as
for δ = 1/20: pullers exhibit more pronounced super-diffusive
behavior than pushers, with ⟨|∆rrr(t)|2⟩ ∼ t2 for β = 2, indicating
a longer persistence of the swimming direction for pullers. In
dense systems (φ = 0.45), neutral squirmers also display diffusive
behavior while weak pushers exhibit slight sub-diffusion. This
arises because hydrodynamic interactions with obstacles tend to
align pushers tangentially to nearby surfaces. As a result, pushers
spend longer times navigating close to obstacles, which reduces
their effective displacement and slows their spatial exploration
compared to a neutral squirmer.

We stress that the MSDs reported here characterize finite-time
dynamics, not necessarily an asymptotic diffusive regime. Tra-
jectories classified as free are those that do not become trapped
within the simulation window. The coexistence, for the same val-
ues of β , δ , and φ , of trapped trajectories and trajectories that re-
main mobile over the observation window suggests that the latter
get trapped at later times. Since the domain is finite and contains
absorbing trapping configurations, continued exploration of the
system can eventually lead to trapping. In the absence of noise or
other escape mechanisms, the ultimate long-time behavior may
therefore be localization rather than diffusion. Thus, the MSDs
should be interpreted as finite-time measures of microswimmers
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mobility.

2.4 Localized microswimmers: dynamic and static trapping
Many microswimmers are unable to explore their environment
for long times and instead become localized due to hydrodynamic
coupling with obstacles and geometric confinement. Upon local-
ization, we further characterize swimmer states through a con-
finement radius ρ (i.e. the radius of gyration), computed from the
spatial extent of each trajectory after its trapping time ttrap(see Ap-
pendix). Swimmers with ρ < a are classified as statically trapped,
corresponding to localization at a fixed position, whereas swim-
mers with ρ ≥ a are classified as dynamically trapped, exhibiting
persistent motion within a confined region. Using this criterion,
we measure the trapping probability P(β ) as a function of the
squirming parameter, shown in Fig. 4 (a). To quantify the tem-
poral aspects of this trapping process, we analyze the survival
probability S(t), defined as the probability that a swimmer is not
localized in the porous medium up to time t.

We identify three generic features that are robust across pack-
ing fractions φ and cutoff distances δ : (i) Static trapping occurs,
in almost all cases, more frequently than dynamic trapping. This
difference may follow from the different constraints underlying
the two trapping mechanisms. Static trapping is mainly a geo-
metric arrest: it occurs whenever neighboring obstacles form a
constriction whose surface-to-surface gap is smaller than the ef-
fective squirmer diameter 2(a+δ ). Such configurations are com-
mon at the packing fractions studied here. Dynamic trapping is
more selective. It requires the squirmer to remain mobile while
its center of mass follows a bounded, quasi-periodic trajectory for
long times. This can happen through persistent orbiting around
an isolated obstacle, repeated interactions between two suitably
spaced obstacles, or motion inside a pocket-like obstacle cluster
with only narrow escape routes. These situations require a more
restricted range of obstacle separations and orientations than sim-
ple steric blockage. (ii) Higher squirmer strength leads to faster
trapping. (iii) Neutral squirmers are the least likely to become
trapped.

In fact, neutral squirmers can become statically trapped only
by approaching a surface with an orthogonal orientation. Such
a configuration is, however, unstable, since even a small pertur-
bation in the swimming direction would cause the squirmer to
scatter away from the obstacle, thus making trapping of neutral
squirmers highly unlikely.

2.4.1 Trapping in dense environments

In dense media (φ = 0.45), confinement is significantly enhanced
and pullers are trapped with high probability for β ̸= 0. Weak
pushers, in contrast, can remain mobile provided the cutoff is
sufficiently large (δ = 1/4), highlighting the screening effect of
short-ranged repulsion (Fig. 4 a). Consistently, the survival prob-
ability S(t) together with its median T̃ show that pushers persist
longer than pullers at the same squirmer parameter. A higher cut-
off markedly increases the survival probability, with a particularly
strong effect for weak pushers, whose S(t) become comparable to
those of neutral squirmers (Fig. 4 b).

Analysis of dynamically trapped trajectories reveals two dis-

tinct localization mechanisms (Fig. 4 c). For large squirmer pa-
rameters, trapping typically involves only two nearby obstacles
and is characterized by small confinement radii, indicating hy-
drodynamically stabilized states in narrow gaps (Fig. 2). Neutral
squirmers instead display a qualitatively different behavior: their
confinement radii are broadly distributed and trapping generally
involves three or more obstacles, consistent with repeated scat-
tering within the pore space; an example is displayed in Fig. 2
(right-top). Thus, while strong pushers and pullers are localized
by hydrodynamic coupling to closely spaced obstacles, neutral
swimmers and weak pushers become trapped only through purely
geometric confinement.

2.4.2 Trapping in dilute environments

In dilute porous media (φ = 0.15), trapping depends sensitively
on both the squirmer parameter β and the short-range cutoff δ

(Fig. 4 d). Here, δ controls the effective range of the short-range
repulsive potential; the two values considered therefore represent
distinct model regimes of near-field interaction. For small cut-
offs (δ = 1/20), strong pushers and pullers (|β | ∈ {4,8}) are al-
most certainly localized, but through distinct mechanisms: push-
ers predominantly undergo dynamic trapping in quasi-periodic
orbital states, whereas pullers are mainly statically trapped with
vanishing translational and angular velocities. Pullers that are dy-
namically trapped are either stuck between two obstacles or orbit
around one. For moderate squirmer strengths, trapping is primar-
ily static and occurs more frequently for pushers than for pullers
at the same squirmer magnitude.

Increasing the cutoff to δ = 1/4 screens near-field hydrody-
namic interactions by increasing the minimum squirmer–obstacle
separation and makes dynamic trapping between two obstacles
rare. Strikingly, it also reverses the pusher–puller asymmetry:
at fixed |β |, pullers become more likely localized than pushers.
The trend is directly reflected in the median trapping times ex-
tracted from the survival probability (Fig. 4 e, inset), which are
larger for pullers than pushers at δ = 1/20 and larger for push-
ers than pullers at δ = 1/4. This behavior reflects the tendency
of pullers to align orthogonally towards obstacle surfaces so that
self-propulsion is counterbalanced by repulsion, whereas pushers
preferentially adopt tangential sliding states that facilitate escape
for larger cut-off where hydrodynamic interactions are effectively
weaker. We emphasize that this does not imply that the sign of β

is irrelevant at the level of individual swimmer–obstacle interac-
tions. Indeed, our single-contact analysis for moderate squirmer
strengths, β ∈ {−2,−1,0,1,2}, shows that pushers and pullers ap-
proach and leave obstacle surfaces differently, with distinct con-
tact orientations, contact times, and scattering angles; see Ap-
pendix A.6. The trapping statistics discussed here, however, are
global observables resulting from repeated encounters with differ-
ent obstacle configurations. Therefore, the pusher–puller asym-
metry known from simpler geometries, such as channels37 and
obstacles38, can be modified by the disordered porous environ-
ment.

In dilute environments geometric confinement is very weak;
therefore, hydrodynamic trapping occurs only for large values
of |β |. The associated confinement radii distribution for β ∈
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Fig. 4 Localized microswimmers. (a, d) Trapping probability P(β ). Here, ‘s’, ‘d’, and ‘t’ denote static, dynamic, and total trapping events. (b,
e) Survival probability S(t) as a function of time t for different squirming parameters β . (Inset) shows the rescaled median of the trapping time T̃ .
(c, f) Histogram of the normalized confinement radius ρ/(2(a+R)). (a-f) Different panels correspond to different packing fractions φ and repulsive
potential strengths δ .

{−8,4,8} is shown in Fig. 4 f, indicating frequent single-obstacle
traps and trapping between two obstacles for small short-range
cutoff δ . Increasing the latter leads to weaker near-field hydro-
dynamic interactions, which in turn reduces the probability of
two-obstacle confinement.

2.4.3 Fluid dynamics of a dynamic trapping event

To elucidate the microscopic origin of dynamic trapping, we ex-
amine a representative trajectory of a strong pusher confined be-
tween two obstacles (Fig. 5). This example illustrates a two-
obstacle localization mechanism that occurs repeatedly in our
simulations and contributes to the multi-obstacle trapping events
reported in Fig. 4 c, f. For an isolated obstacle, a pusher swim-
ming directly towards the surface cannot approach closer than
a finite gap, where self-propulsion is balanced by hydrodynamic
repulsion generated by the fluid pushed against the boundary.
A slight tilt of the swimming direction destabilizes this head-on
configuration, reorients the swimmer, and induces a lateral hy-
drodynamic attraction towards the obstacle, leading to a stable
orbital state in which frontal repulsion and side-wise attraction
balance. As a consequence of these hydrodynamic interactions,
the squirmer orientation (ppp, blue arrows) and its swimming ve-
locity (UUU , red arrows) can differ, see Fig. 5.

The resultant orbit is not strictly circular but exhibits persis-
tent oscillations. When the swimmer approaches the surface too
closely and reorients toward it, near-field hydrodynamic repul-
sion causes it to bounce away. Since the swimmer is not perfectly

orthogonal to the surface, lateral attraction subsequently draws
it back, resulting in a quasi-periodic oscillatory motion around
the obstacle. During such an orbit, the swimmer may enter the
hydrodynamic attraction range of a second nearby obstacle. In
this case, while still oriented towards the first obstacle, the rear
flow of the pusher generates a repulsive interaction with the sec-
ond surface, causing the swimmer to slide along it in the opposite
direction. Once sufficient separation is regained, the swimmer
detaches and returns towards the first obstacle, thereby resulting
in persistent confinement between the two obstacles, with alter-
nating interactions with both boundaries.

Summary and conclusions

Combining a phase-field approach with extensive finite-element
simulations, we have studied the dynamics of squirmers in di-
lute and dense disordered porous media, accounting for the full
hydrodynamic interactions between the swimmer and the obsta-
cles. We have revealed the emergence of persistent random mo-
tion of neutral squirmers due to hydrodynamically-induced re-
orientation by the nearby obstacles. We have further identified
both static and dynamic trapping events, where microswimmers
quasi-periodically trace certain paths within confined pockets for
significant amounts of time. Examples range from single-obstacle
orbiting to orbiting between two obstacles to moving in pockets
confined by multiple obstacles. We find that these trapping char-
acteristics strongly depend on the squirmer strength, the repul-
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Fig. 5 Velocity fields during a dynamic trapping event. Snapshots of a strong pusher (β =−8) and small cutoff (δcut = a/20) illustrating dynamic
trapping between two obstacles. The blue arrow denotes the squirmer’ s orientation ppp, while the red arrow indicates the direction of its instantaneous
velocity UUU . The small arrows indicate the fluid velocity direction.

sive potential between the squirmer and the obstacles, and the
packing fraction of the medium. Interestingly, our results show
transient trapping phases, leading to hydrodynamically-induced
“hop-and-trap” motion, reminiscent to ‘dry’ active dynamics in
porous media27.

Our approach, focused on disk-shaped microswimmers, can be
readily extended to other swimmer shapes. This may allow us to
understand the interplay of cell morphology and hydrodynamics
for transport through porous media, where experiments have re-
vealed that cell length and deformability can selectively enhance
exploration or promote dead-end trapping depending on pore dis-
order15,66. It further provides a promising framework for unrav-
eling why the motion of E. coli becomes rectified in ordered obsta-
cle arrays, while spherical Janus colloids orbit around obstacles
and stochastically switch to neighboring ones54.

Our study neglects rotational noise, which could promote es-
cape from localized states41 and induce hop-and-trap dynamics.
Incorporating this effect in crowded media, where nearby ob-
stacles may modify the rotational diffusivity relative to its bulk
value, represents an interesting direction for future work. Includ-
ing tumbling mechanisms into our modeling approach, may allow
us to elucidate the interplay of stochasticity in cell behavior and
hydrodynamic couplings with the surrounding confinement39.

An additional open research endeavor entails the change in be-
haviors from 2D systems, to quasi-2D channels, often used in
microfluidic experiments, to three-dimensional dynamics. We
speculate that our findings should remain qualitatively relevant
in quasi-2D geometries, although quantitative differences are ex-
pected. In microfluidic channels, nearby boundaries can modify,
and possibly screen, the hydrodynamic interactions responsible
for scattering and trapping. By contrast, fully three-dimensional

systems may differ qualitatively, since swimmers can evade planar
trapping mechanisms, such as two-obstacle trapping, by escaping
through the additional spatial dimension.

While we have considered a quiescent fluidic environment,
where flows are solely generated by the propulsion mechanism
of active microswimmers, many natural environments are sub-
ject to externally-imposed hydrodynamic flows3,67. Controlled
microfluidic set-ups of swimming microorganisms and theoreti-
cal studies of active microswimmers in channel-geometries have
revealed intriguing phenomena, such as rheotaxis (i.e. motion
along/against a flow)68–72, butterfly-like trajectories at chan-
nel constrictions73, and accumulation of microswimmers behind
spherical obstacles74,75. In complex environments, however, the
resultant flow and vorticity fields are highly heterogeneous76,
leading to new effects. For example, these can induce curly swim-
mer trajectories77,78, trap point-like active microswimmers via
vorticity-induced reorientation in open channels78, or generate
shear-induced Taylor dispersion79. Yet, the ramifications of the
swimmer’s own size and hydrodynamic signature on transport
across porous channels in the presence of an externally-imposed
flow remain largely unexplored.

Beyond single-swimmer dynamics, our framework can be nat-
urally generalized to account for hydrodynamic interactions be-
tween multiple squirmers. Collective effects are known to qual-
itatively modify transport properties in confinement, giving rise
to clustering, enhanced diffusion, hydrodynamic bound states,
and large-scale coherent motion80–82. In porous environments,
microswimmers could clog channels and thereby redirect flows,
which could impact other active microswimmers. Thus, the inter-
play of disordered porous media, hydrodynamic flows, and swim-
mer properties may produce exciting novel physical phenomena
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– bridging clogging and self-organization – which could have sub-
stantial implications for the formation of microbial communities
and biofilms83,84 and could inspire new tools for microswimmer
sorting and filtration.
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A Appendix
The appendix contains a detailed description of the phase-field
model, its asymptotic analysis, and our numerical approach. We
further present the validation of the model with known analyti-
cal results, provide details of the classification algorithm for the
different trapping phases, and discuss squirmer-obstacle contact
statistics.

A.1 Phase-field model
Let S ⊂ R2 denote the region occupied by the swimmer and Ω\S
the surrounding fluid domain. The governing equations read

∇∇∇ ·σσσ = 000, in Ω\S, (A.1a)

∇∇∇ ·uuu = 0, in Ω\S, (A.1b)

uuu = uuuS +UUU +ωeeez × rrr, on ∂S, (A.1c)

uuu = 000, on ∂Ω, (A.1d)

where uuu and p denote the velocity and pressure fields, respec-
tively, UUU and ω are the translational and angular velocities of the
swimmer, and uuuS is a prescribed tangential slip velocity on the
swimmer surface. The stress tensor is σσσ = −ΠI+ µ(∇uuu+∇uuuT )

with viscosity µ. We adopt a phase-field penalization formulation
to avoid explicit tracking of the swimmer boundary, as required in
immersed boundary approaches85. Our formulation follows the
general framework of diffuse-domain and phase-field approaches,
in which sharp boundaries are replaced by smooth indicator func-
tions and interfacial conditions are imposed in a distributed man-
ner; see Refs.86–90. In our model, the sharp interface ∂S is re-
placed by a smooth indicator function ψ, and the equations are

extended to the entire domain Ω in the following way:

∇∇∇ ·σσσ = η (UUU +ωeeez × rrr+uuuS −uuu), (A.2a)

∇∇∇ ·uuu = 0, (A.2b)∫
Ω

η (UUU +ωeeez × rrr+uuuS −uuu) dΩ = 000, (A.2c)

∫
Ω

η rrr× (UUU +ωeeez × rrr+uuuS −uuu) dΩ = 000, (A.2d)

with the boundary condition uuu = 000 on ∂Ω. The penalization func-
tion is defined as

η = Kψ, (A.3)

where K ≫ 1 is a large constant. The indicator function is con-
structed from a smooth phase field

φ(xxx) =
1
2

(
1+ tanh

(
a−∥rrr∥

ξ

))
, (A.4a)

ψ(xxx) = ∥∇φ∥= 2
ξ

φ (1−φ), (A.4b)

where a is the swimmer radius and ξ the interface thickness. In
practice one chooses K ∼ ξ−2.

A.2 Asymptotic analysis
In this section, we use matched asymptotic analysis to show
that Eqs. (A.2a)-(A.2d) converge to the sharp-interface equations
Eqs. (3) and (A.1a)-(A.1d) as ξ → 0. In this approach, we ex-
pand the variables in powers of the interface thickness ξ in re-
gions close to (inner expansion) and far (outer expansion) from
the interface. The two expansions are matched in an intermedi-
ate region where both expansions are presumed to be valid (e.g.,
see91,92 for a general description of the procedure).

Outer expansion. Let S := {xxx : φ(xxx) ≥ 0.5}. We assume that the
stress σσσ has a regular expansion in ξ in the fluid domain Ω\S,
given by σσσ(ξ ) = σσσ (0)+ξ σσσ (1)+ξ 2σσσ (2)+ .... Integrating Eq. (A.2a)
over Ω and equating it with Eq. (A.2c) gives∫

Ω

∇∇∇ ·σσσ dΩ = 000. (A.5)

Using the divergence theorem and inserting the expansion of σσσ

gives to leading order ∫
∂Ω

σσσ
(0) ·nnn dS = 000. (A.6)

Moreover, away from the squirmer, we have φ = 0 to all orders in
ξ , and so ∇φ = 0 to all orders. Therefore, the contribution of η in
Eq. (A.2a) becomes negligible outside the squirmer and the lead-
ing order of this equation yields ∇ ·σσσ (0) = 0 in Ω\S. We therefore
readily recover the sharp momentum balance equation (A.1a).
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Integrating this expression over Ω\S and using the divergence
theorem gives ∫

∂Ω∪∂S
σσσ
(0) ·nnn dS = 000. (A.7)

Subtracting Eq. (A.6), we recover the sharp interface force bal-
ance (3). Similarly, for the torque balance, we may take the cross
product of Eq. (A.2a) with rrr and integrate over Ω. Equating the
result with Eq. (A.2d) gives∫

Ω

rrr×∇∇∇ ·σσσ = 000. (A.8)

Using the divergence theorem and the symmetry of σσσ , and insert-
ing its expansion gives to leading order∫

∂Ω

rrr×σσσ
(0) ·nnn dS = 000. (A.9)

Moreover, away from the squirmer, a cross product of rrr with
Eq. (A.2a) provides to highest order rrr×∇∇∇ ·σσσ (0) = 000 in Ω\S. Inte-
grating over Ω\S and using the divergence theorem gives∫

∂Ω∪∂S
rrr×σσσ

(0) ·nnn dS = 000. (A.10)

Subtracting Eq. (A.9), we recover the sharp interface torque bal-
ance (3).

Inner expansion. It remains to be shown that the phase-field ap-
proach recovers the velocity boundary condition on the squirmer
surface [Eq. (A.1c)]. Near this boundary, we introduce a local
coordinate system

xxx(sss,z;ξ ) = XXX(sss)+ξ znnn(sss) (A.11)

where XXX(sss) is a parametrization of the interface, z = r(xxx)/ξ is the
stretched variable, and r is the signed distance from the point xxx
to ∂S, which is taken to be positive inside the squirmer. We then
assume that all variables can be written as functions of z and sss and
that in these coordinates the variables have regular expansions in
ξ . That is, for the velocity field

ûuu(z,sss;ξ )≡ uuu(xxx;ξ ) = uuu(XXX(sss)+ξ znnn(sss);ξ ) (A.12)

and the inner expansion is

ûuu(z,sss;ξ ) = ûuu(0)(z,sss)+ξ ûuu(1)(z,sss)+ξ
2ûuu(2)(z,sss)+ · · · (A.13)

The nabla operator in the local coordinate system becomes

∇∇∇ =
1
ξ

nnn∂z +∇∇∇Γ,

where ∇∇∇Γ is the covariant surface derivative.
Inserting these local derivatives, we can consider the inner ex-

pansions of equation (A.2a). Assuming that the penalization con-
stant K scales as ξ−2, we find at highest order 1/ξ 3:

∂zφ̂
(0)
(

ÛUU
(0)

+ ω̂
(0)eeez × r̂rr+ ûuuS − ûuu(0)

)
= 000. (A.14)

Since ∂zφ̂
(0) > 0 for all z, we recover Eq. (A.1c):

ÛUU
(0)

+ ω̂
(0)eeez × r̂rr+ ûuuS = ûuu(0). (A.15)

We may further take the derivative of this expression with respect
to z to obtain to highest order

∂zûuuS = ∂zûuu(0), (A.16)

where we have used that ∂zÛUU
(0)

= 000, ∂zω̂
(0) = 0, ∂zr̂rr = n̂nnξ . Match-

ing inner and outer solution in an overlap region where both ex-
pansions are valid, leads to the typical matching condition: uuu is
continuous across the surface if ∂zûuu(0) = 0 (see92). Hence, if the
imposed slip velocity uuuS is continuous across the squirmer surface,
then we have global continuity of the resulting velocity field uuu.

A.3 Numerical approach
The phase-field equations are discretized using the finite-element
method. The diffuse interface has thickness ξ and introduces
steep gradients in the indicator function ψ and the penalization
field η . Accurate resolution of this region requires locally refined
meshes. Finite elements allow straightforward adaptive mesh re-
finement, enabling the interface region to be resolved while main-
taining a moderate number of degrees of freedom in the bulk
fluid, see Fig. 6.

We next derive the weak formulation and the corresponding
discrete system. Let H1

0 (Ω) denote the usual Sobolev space. In
the weak formulation we aim at finding (uuu,Π,UUU ,ω) ∈ H1

0 (Ω)×
L2(Ω)×R2 ×R such that∫

Ω

(
µ∇uuu : ∇vvv−Π∇ · vvv−η (UUU +ωrrr⊥−uuu) · vvv

)
dΩ =

∫
Ω

η uuuS · vvv dΩ,

(A.17a)

−
∫

Ω

q∇ ·uuu dΩ = 0, (A.17b)

−
∫

Ω

η (UUU +ωrrr⊥−uuu) · êeei dΩ =
∫

Ω

η uuuS · êeei dΩ, i = {1,2}
(A.17c)

−
∫

Ω

η rrr⊥ · (UUU +ωrrr⊥−uuu) dΩ =
∫

Ω

η rrr⊥ ·uuuS dΩ, (A.17d)

for all test functions (vvv,q). Here, we denote rrr⊥ = eeez × rrr =

(−r2,r1,0).
Let {NNN j}Nu

j=1 denote the velocity basis functions and {Qi}Np
i=1 the

pressure basis functions. The discrete velocity and pressure fields
are

uuuh =
Nu

∑
j=1

u jNNN j and Πh =
Np

∑
i=1

ΠiQi. (A.18)

The resulting algebraic system takes the block formAAA BBBT CCCT

BBB 000 000
CCC 000 MMM


uuuh

Πh

sss

=

 fff h
0
ttt

 , (A.19)
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Fig. 6 (Left) Adaptive mesh refinement used to resolve steep gra-
dients and hydrodynamic interactions in the phase-field formulation.
(Right) Flow field generated by a pusher (β = −8) in a confined ge-
ometry, rescaled by the free-space swimming speed.

where sss = (U1,U2,ω)T . The matrix entries are defined as

Ai j =
∫

Ω

(
ν∇∇∇NNNi : ∇∇∇NNN j +η NNNi ·NNN j

)
dΩ, (A.20a)

Bi j =−
∫

Ω

Qi ∇∇∇ ·NNN j dΩ. (A.20b)

The rigid-body coupling matrix reads

C =

−
∫

Ω
η NNN j · êee1 dΩ

−∫
Ω

η NNN j · êee2 dΩ

−∫
Ω

η rrr⊥ ·NNN j dΩ

 , (A.21)

where êee1 and êee2 are the Cartesian basis vectors. The matrix M is
given by

M =


∫

Ω
η dΩ 0 −∫

Ω
η r2 dΩ

0
∫

Ω
η dΩ

∫
Ω

η r1 dΩ

−∫
Ω

η r2 dΩ
∫

Ω
η r1 dΩ

∫
Ω

η∥rrr∥2 dΩ

 , (A.22)

and the right-hand side vectors are

fh, j =
∫

Ω

η uuuS ·NNN j dΩ and ttt =


∫

Ω
η uuuS · êee1 dΩ∫

Ω
η uuuS · êee2 dΩ∫

Ω
η rrr⊥ ·uuuS dΩ

 . (A.23)

The resulting linear system is implemented using the AMDiS
framework65 and solved with the PETSc linear algebra back-
end93,94, using the MUMPS solver95,96.

A.3.1 Parallel implementation.

The formulation is well suited to distributed-memory paralleliza-
tion by MPI. Under domain decomposition, the standard Stokes
blocks AAA and BBB are assembled entirely from element-wise contri-
butions and therefore require only the usual local finite-element
assembly. The rigid-body coupling block CCC can likewise be assem-
bled from local contributions on each subdomain, since its entries
are of the form

Ci j =−
∫

Ω

η NNN j ·wwwi dΩ, (A.24)

where wwwi denotes one of the rigid-body modes associated with
translation or rotation. Hence CCC is obtained by standard parallel
assembly of locally computed integrals.

The only genuinely global object is the small matrix MMM, whose
entries involve integrals over the whole domain, e.g.:

Mi j =
∫

Ω

η mi j(rrr) dΩ. (A.25)

Its evaluation therefore requires a global reduction across MPI
ranks. However, MMM is of size 3×3 for a single squirmer in 2D (and
remains block-structured and very small for multiple squirmers),
so both its assembly and inversion are negligible compared to
the solution of the Stokes system. In practice, the parallel cost
is therefore dominated by the fluid solve, while the additional
overhead associated with the rigid-body coupling is minimal.

A.3.2 Short-range hard-wall repulsive potential.

Before advancing the squirmer center of mass xxxc, a short-range
contact correction is applied to avoid overlap and to produce
physically meaningful near-wall motion. For each nearby obsta-
cle, the closest point ppp to the squirmer center xxxc is computed,
with

ggg = xxxc − ppp, g = |ggg|, ĝgg =
ggg
g
, h = g−a, (A.26)

where a is the squirmer radius and h is the signed gap.
A short-range repulsive potential with prescribed cutoff hcut is

applied only when the squirmer is sufficiently close to the obstacle
and approaching it, i.e. when h < hcut and UUU · ĝgg < 0.

The center velocity UUU is decomposed into normal and tangen-
tial parts:

UUU⊥ = (UUU · ĝgg) ĝgg, UUU∥ =UUU −UUU⊥. (A.27)

When the above cutoff condition is satisfied, the update sup-
presses/limits the inward normal contribution and keeps the tan-
gential component, so that motion transitions to sliding along the
obstacle instead of penetrating it. In practice, this yields: (i) no
geometric overlap, (ii) robust behavior in narrow gaps, and (iii)
near-wall kinematics dominated by tangential motion.

A.3.3 Adaptive time-step update.

After each solve, the time step is updated to keep the squirmer
motion stable near obstacles, while avoiding unnecessary slow-
down far from walls. The timestep ∆t is computed from two in-
gredients: (i) an interface-based bound proportional to ξ/|UUU · ĝgg|,
and (ii) a gap-based bound proportional to g/|UUU · ĝgg|. Let N be the
number of neighboring obstacles to the squirmer and let ∆tξ ,k and
∆tg,k be the timestep restrictions from (i) and (ii), respectively.
The final step is the most restrictive admissible value over nearby
obstacles, then clipped by global lower/upper safety bounds:

∆tn+1 = max
(

∆tmin,min
(
∆tfree

max, min
k∈N

{∆tξ ,k,∆tg,k}
))

, (A.28)

with additional damping that limits abrupt changes relative to
∆tn (e.g. growth/shrink factors). This provides small steps during
close approach and larger steps in free-swimming regimes.
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Fig. 7 (a) Relative error with respect to the analytical solution for selected values of β . The results show slightly better than first-order convergence,
consistent with the phase-field approximation. (Inset) Relative error of the squirmer speed in free space compared with the exact value U = B1/2.
Linear convergence with respect to the interface thickness ξ is observed, in agreement with the phase-field model. (b) Translational and angular
velocities of a squirmer near a wall for different interface thicknesses ξ . The top row shows B1 = 1, B2 = 0, while the bottom row shows B1 = 0, B2 = 1.
Black lines denote the analytical solution 53. The numerical results converge toward the analytical prediction as ξ decreases.

A.4 Validation
A.4.1 Squirmer in free space.

As a first validation of the numerical method, we consider a single
squirmer in free space. An analytical solution of the Stokes equa-
tions for a 2D squirmer can be derived using a stream-function
formulation in polar coordinates. The solution provides explicit
expressions for the velocity field both inside and outside the
squirmer disk. Typically, for squirmer motions only the first two
modes are retained (i.e. Bn = 0 for n > 2). In that case, the analyt-
ical solution inside the squirmer disk in the squirmer’s reference
frame is

uρ (ρ,θ) =
B1

2

(
1−
(

ρ

a

)2
)

cosθ +B2
ρ

a

(
1−
(

ρ

a

)2
)

cos(2θ),

uθ (ρ,θ) =
B1

2

(
3
(

ρ

a

)2
−1
)

sinθ +B2
ρ

a

(
2
(

ρ

a

)2
−1
)

sin(2θ),

whereas outside the squirmer disk the analytical solution is given
by

uρ (ρ,θ) =
B1

2

((
a
ρ

)2
−1

)
cosθ +B2

a
ρ

((
a
ρ

)2
−1

)
cos(2θ),

uθ (ρ,θ) =
B1

2

((
a
ρ

)2
+1

)
sinθ +B2

(
a
ρ

)3
sin(2θ).

Direct comparison with the analytical solution in the un-
bounded domain is not appropriate for numerical simulations,
which are necessarily performed in bounded computational do-
mains. Boundary conditions imposed at the outer boundary in-
troduce deviations from the infinite-domain solution. For this rea-
son, we validate the method by comparing the numerical velocity
field with the analytical solution inside the squirmer disk, where
both descriptions are consistent. Therefore, we define the relative

error as

Erel =
∥uuu−uuuexact∥L2

φ
(Ω)

∥uuuexact∥L2
φ
(Ω)

, ∥ f∥L2
φ
(Ω) =

(∫
Ω

φ(xxx)| f (xxx)|2 dΩ

)1/2
,

(A.29)

where uuu denotes the numerical velocity field and uuuexact the ana-
lytical solution. Further, we compare the free space speed of the
squirmer U = B1/2 with the one computed numerically. The re-
sults are shown in Fig. 7 a, showing nice convergence and relative
errors of order O(10−2) for small interface thickness ξ .

A.4.2 Squirmer near a wall.

We further validate our model by computing the instantaneous
translational and rotational velocities of a squirmer near a no-slip
wall and comparing them to the analytical results presented in53:

Ux =
1−ρ2

2
[B1 cosθ −2ρB2 sin(2θ)] (A.30a)

Uy =
(1−ρ2)2

2(1+ρ2)
[B1 sinθ +2ρB2 cos(2θ)] (A.30b)

ω =
ρ2

a(1+ρ2)

[
2ρB1 cosθ +(1−3ρ

2)B2 sin(2θ)
]
, (A.30c)

where ρ = d/a−(d2/a2−1)1/2, and d is the distance of the center
of mass xxxC to the wall.

We fix the distance of the squirmer’ s center of mass to
d = 1.2a from the wall and vary its orientations as θ ∈
{0,π/6,π/4,π/3,π/2}. For each orientation, we compute the
translational and angular velocities for two sets of squirmer
modes (B1 = 1,B2 = 0) and (B1 = 0,B2 = 1). These computa-
tions are repeated for decreasing values of the interface thickness
ξ = a/10, a/20 and a/40. The results are shown in Fig. 7 b, where
we observe that decreasing ξ leads to numerical solutions that
closely match the analytical predictions.
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A.4.3 Squirmer interacting with one obstacle

0

20

40

60

80

ta
/U

Fig. 8 Interaction of a pusher (β = −10) with a circular obstacle of
radius R = 4a. (Left) Forward orbit obtained for a repulsive cutoff gap
hcut = a/4. (Right) Backward orbit obtained for hcut = a/20. The squirmer
is color coded according to the rescaled time tU/a, with a the radius of
the squirmer and U = B1/2 the free-space velocity. The black arrows
indicate the squirmer orientation. Qualitatively similar behaviors were
reported in Ref. 38.

We investigate the interaction between a squirmer of radius a
and a circular obstacle of radius R = 4a. Simulations are per-
formed in a square domain of size L = 64a, with no-slip boundary
conditions imposed both on the obstacle surface and on the do-
main boundaries. To prevent overlap between the squirmer and
the obstacle, we employ a short-range hard-wall repulsive poten-
tial characterized by a cutoff gap hcut. Two values are considered:
hcut = a/20 and hcut = a/4.

Consistent with the results reported in38, we observe two dis-
tinct dynamical regimes. For small values of |β |, the squirmer
scatters from the obstacle, whereas for sufficiently large |β | it
becomes hydrodynamically trapped and orbits around it (results
not shown). In the orbiting regime, the dynamics depend on
the swimmer type. Pullers (β > 0) exhibit forward orbits, with
their orientation aligned with the direction of motion, and display
periodic oscillations whose amplitude gradually decays. Pushers
(β < 0), in contrast, show a behavior that depends on the cutoff
gap hcut. For the smaller gap hcut = a/20, the swimmer tends to
orient opposite to its direction of motion, resulting in a backward
orbit. For the larger gap hcut = a/4, the motion resembles that
of pullers: after a short transient backward motion, the swim-
mer settles into a forward orbit. An example of these behaviors is
shown in Fig. 8.

A.5 Classification of squirmer trajectories
Squirmer trajectories are classified according to the late-time be-
havior of their displacement over the simulation window, see
Fig. 9. For each trajectory, we compute the displacement from
the initial position,

d(t) = |xxxC(t)− xxxC(0)|,

and its upper envelope

D(t) = max
0≤s≤t

d(s).

We identify candidate confined trajectories from the emergence of
a plateau in D(t), detected from the local scaling exponent of the
envelope. However, since D(t) is measured relative to the initial
position, a plateau alone does not necessarily imply localization:
a trajectory may stop increasing its distance from xxxC(0) because it
turns back or changes direction, while still exploring new regions
of the domain. To avoid such false positives, once a candidate
plateau onset time tp is identified, we discard the earlier part of
the trajectory and repeat the displacement-envelope analysis on
the late-time segment t ∈ [tp, t f ], using xxxC(tp) as the new refer-
ence position. The procedure is then repeated on progressively
shorter final segments. A trajectory is classified as confined only
if a plateau persists under these changes of the reference point,
indicating that the motion remains bounded in space rather than
merely bounded relative to the initial position. Trajectories for
which no persistent plateau is detected are classified as free.

For confined trajectories, we further distinguish two regimes
according to the spatial extent of the residual motion after the
onset of confinement. Let tp denote the detected onset time of
the plateau and define

dmax = max
t≥tp

|xxxC(t)− xxxC(tp)|.

If dmax < a/10, where a is the squirmer radius, the squirmer ef-
fectively remains localized and the trajectory is classified as static
trapping. Larger bounded amplitudes correspond to dynamic trap-
ping, where the squirmer remains confined but continues to move
within a finite region.

A.6 Contact event statistics
In this section we provide a direct comparison between pushers
and pullers during contact events with obstacles. A squirmer is
considered to be in contact with obstacles when the gap between
them is sufficiently small:

min
i
∥xxxC − xxxOi∥< 1.1× (a+ξ +R+hcut), (A.31)

where xxxOi is the center of the i-th obstacle.
We focus on free trajectories in dilute systems. Along each tra-

jectory, we identify contact events as the contiguous time intervals
over which Eq. (A.31) holds. For each contact event, we measure:

1. the contact time Tcontact, defined as the duration of the con-
tact interval,

2. the reorientation associated with the encounter, quantified
by 1− cos∆θ , where ∆θ is the scattering angle between the
incoming and outgoing orientations,

3. the event-averaged contact angle ᾱcontact between the
squirmer orientation and the local tangent to the obstacle
surface.

The results are summarized in Fig. 10, where we report the
median of the distributions obtained by pooling all contact events
over the free trajectories for each value of β and δ . Note that
no free trajectories are available for δ = 1/20 and β = −2, and
therefore this data point is omitted. We emphasize here that the
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Fig. 9 Top row. One-obstacle dynamic trapping (left), multi-obstacle dynamic trapping (middle), free trajectory (right). The dark gray small disk
corresponds to the initial position of the squirmer. The shaded regions around the obstacles indicate the effective disk radius, accounting for both the
squirmer size and the short-range repulsive interaction. Bottom row. Corresponding displacement relative to the initial position as a function of time
for the trajectories shown above. Note the quasi-periodic pattern displayed by the displacement in the dynamical trapping states, which is absent in
the free trajectory.
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Fig. 10 Squirmer-obstacle interactions. (Top) Median of contact times
Tcontact, (middle) reorientation ∆θ , and (bottom) average squirmer align-
ment with respect to the obstacle surface ᾱcontact as a function of the
squirming parameter β . Error bars indicate in interquartile range, from
the 25th to the 75th percentile.

results are for squirmer-obstacle interactions that do not lead to
an immediate trapping event.

Our results show that the median contact times Tcontact are of
comparable magnitude for pushers and pullers. They are, how-
ever, systematically larger for pushers, indicating that pushers
typically spend longer times in the vicinity of obstacles. We fur-
ther find that the reorientation associated with obstacle encoun-
ters is stronger for pushers. In particular, for β = 2, pullers are
only weakly reoriented by contacts with obstacles. Finally, the
event-averaged contact angle provides direct evidence of tangen-
tial alignment. For pushers, the median contact angle lies be-
tween approximately 20◦ and 30◦, where 0◦ corresponds to per-
fect tangential alignment. Pullers, in contrast, display larger me-
dian contact angles, typically between 40◦ and 50◦, indicating a
less tangential orientation with respect to obstacle surfaces.
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