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Locomotion of Active Polymerlike Worms in Porous Media
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*Institute for Theoretical Physics, University of Amsterdam, Science Park 904, 1098XH Amsterdam, The Netherlands

® (Received 5 August 2024; accepted 25 February 2025; published 26 March 2025)

We investigate the locomotion of thin, living 7. Tubifex worms, which display active polymerlike
behavior, within quasi-2D arrays of cylindrical pillars, examining varying spatial arrangements and
densities. These active worms spread in crowded environments, with a dynamics dependent on both the
concentration and arrangement of obstacles. In contrast to passive polymers, our results reveal that in
disordered configurations, increasing the pillar density enhances the long-time diffusion of our active
polymerlike worms, while we observe the opposite trend in ordered pillar arrays. We found that in
disordered media, living worms reptate through available curvilinear tubes, whereas they become trapped
within pores of ordered media. Intriguingly, we show that reducing the worm’s activity significantly boosts
its spread, enabling passive sorting of worms by activity level. Our experimental observations are
corroborated through simulations of the tangentially driven polymer model with matched persistence

length predicting the same trends.

DOI: 10.1103/PhysRevLett.134.128303

Biological organisms exhibit diverse features to optimize
survival and navigate through disordered habitats [1-8].
Active filaments, from actin filaments in the cytoskeleton
to cyanobacteria and earthworms, move through complex,
crowded environments. Despite their importance, the
mechanisms by which motile filaments navigate porous
media remain poorly understood [9—11].

Few, mostly theory-based modeling studies have been
performed on the dynamics of active filaments in complex
environments [12—17]. These investigations have predomi-
nantly focused on active Brownian and tangentially driven
polymer models, delving into the interplay of length,
flexibility, and activity on polymer dynamics, both within
porous media [15—18] and confined spaces [19]. In the case
of active stiff or semi-flexible polymers, they move through
the porous medium persistently with motion that closely
resembles reptation, a concept originally elucidated by de
Gennes for a passive polymer performing wormlike dis-
placements in arrays of fixed obstacles [20]. In the case of
very flexible active polymers however, they will bundle up
inside the pores, causing hopping-trapping dynamics where
the polymers are stuck in the pores and only rarely hop
between pores [17,18]. In these investigations, the effect of
medium porosity and particularly the geometry of the
pattern on the dynamics of active polymers has received
little attention.

In this Letter, we use T. Tubifex worms, which behave
like active polymers [21-24], to investigate locomotion in
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quasi-2D porous media with cylindrical pillars. We com-
pare their dynamics with a computational model of tan-
gentially driven active filaments, commonly used for
self-propelled biopolymers [17,18,25]. Worm transport
depends on the surface fraction ® occupied by pillars and
obstacle order. In disordered cylindrical pillar arrays, D,
increases with @, whereas in square lattices, it decreases.
This transport enhancement arises from worms navigating
curvilinear tubes formed by randomly positioned pillars,
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FIG. 1. Trajectories of the center of mass of an active polymer-
like worm in a L? = 44 x 44 cm? 2D pillar array with a 5 mm
diameter and surface fraction ¢ = 0.4, shown for (a) random
packing and (b) square lattice over 185 s (partial view). Close-ups
highlight distinct worm conformations in the two obstacle
arrangements. (c), (d) Simulated center-of-mass trajectories
and polymer conformations of tangentially driven active fila-
ments in the same geometries as in (a), (b). Scale bar is 15 mm.
See also Supplemental Material, videos 2, 3 and 5, 6.

© 2025 American Physical Society
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contrasting with their entrapment in ordered configurations.
Surprisingly, lower activity enhances spreading in dis-
ordered media by increasing effective persistence length,
promoting longer trajectories. Simulations confirm that
tangentially driven active filaments [26] reproduce the
long-time dynamic trends of 7. Tubifex worms.

When deposited on a free surface, the wiggling motion
of the T. Tubifex enables the worm to crawl on the surface,
giving rise to a diffusive motion. The crawling motion is
effectively two-dimensional, since the worms are denser
than water and, therefore, always confined to the bottom of
the geometry (Supplemental Material, video 1 [27]).

In our experiments, a single 7. Tubifex worm is intro-

duced into cylindrical pillar arrays with radius R, =

2.5 mm on a 2D square surface (44 x 44 cm?), immersed
in thermostated water at 7 =21°C. Worm motion is
tracked for 2 h by taking a sequence of pictures. We
investigate two distinct pillar arrangements: a periodic
square lattice and a disordered array, where N static
cylindrical pillars were randomly distributed with a mini-
mum distance of 0.5 mm between them to allow worm
passage (see Sec. I and Figs. S1 and S2 in Supplemental
Material [27]). The pillar surface fraction was varied from
0.1 to 0.6. All reported conformational and dynamical
features of the worms at 7 = 21 °C were averaged from
trajectories of at least 30 worms with a contour length
L, =23+ 8 mm, ensuring the length range had no sig-
nificant impact on the results (Fig. S3 [27]).

In Fig. 1, we show typical trajectories of the center-of-
mass of a worm moving in a disordered (a) and ordered
(b) pillar arrays (see also Supplemental Material, videos 2
and 3 [27]). In both geometries, as time progresses, the
worm is able to navigate through the obstacles but their
dynamics are found to be dependent on the pillars arrange-
ment and density. To investigate the similarities with active
polymers, we conducted simulations using the tangentially
driven polymer model, as described in [17,26] (see also
Sec. II in Supplemental Material [27]). The motion of each
monomer follows overdamped Langevin dynamics, includ-
ing the active force of amplitude f“ per monomer along the
tangent of the backbone of the polymer and the bending
stiffness k between neighboring bonds, which represents
the inherent flexibility of the active polymer. The key
parameters of the model thus boil down to (f¢, k). To
compare the tangentially driven polymers to the worms we
measure their tangent-vector orientational correlations and
average over time (Supplemental Material, Figs. S4 and
S5 [27]). From this we extract the effective persistence
length #%", which correlates to k. The effective persistence

length £ is shown by bold symbols in Fig. 2(a) as a
function of ¢ in ordered and disordered media, which
shows an increase (decrease) with ¢ for worms in ordered
and disordered media. Then, we adjust the parameter x in
our simulations to match the observed f?,ff, see the open

symbols in Fig. 2(a).
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FIG. 2. (a) Effective persistence length £ /L. of living worms
and tangentially driven active polymers as a function of ¢.
(b) Time auto-correlation function of the end-to-end vector,
normalized by the reorientational relaxation time 7, o (continuous
line, 7,9 ~40s for the worm) and for tangentially driven
polymers in free space (dotted lines). 7, is the time at which
the autocorrelation of the unit end-to-end vector ¥, decaysto 1/e.
Standard errors are within the marker size in (a), and the standard
deviation is shown as the shaded region in (b).

The active force f* is selected to ensure it dominates
at the level of the whole polymer while still allowing
biological fluctuations to affect the monomer’s dynamics
(Supplemental Material, video 4). To compare experiments
and simulations, we rescale the time by the reorientational
relaxation time of the worm in free space, determined from
the (1/e)-decay time of the autocorrelation function of the
end-to-end vector, see Fig. 2(b). For tangentially driven
polymers in free space with sufficiently large active force
(f* > 0.01), both longtime diffusion D;, dominated
by activity, and the orientational relaxation time of the
end-to-end vector (r,() scale linearly with active force
per monomer (f“). Therefore, rescaling the time by 7,
eliminates the explicit dependence on the active force,
making the precise value of f less critical [28,33].

We examine the effect of the geometry of the obstacle
arrays and the concentration of the pillars on the motion
of a self-locomoting worm by measuring the mean squared
displacement (MSD). Figures 3(a) and 3(b) show MSDs as
functions of rescaled time 7/7, , where the worm’s reorienta-
tional relaxation time in a free environment 7, o = 40 s.

For short timescales (7/7, 7 < 0.02), the worms have not
yet encountered the pillars, resulting in only slight super-
diffusive behavior with a diffusion exponent of 1.2. After
this typical timescale, our living worms interact with the
pillars with a dynamics that depends on the degree of
environmental order. In the disordered case, we observe an
almost ballistic regime as shown by a ~ 1.8 in Fig. 3(a),
which we found to be almost independent of the surface
fraction ¢ of the pillar [Fig. 3(c)]. At long times /7,y > 1,
each MSD curve exhibits a diffusive regime where MSD =
4D,t, with a slope that surprisingly increases when ¢ > 0.2.
For the lowest ¢, the worms do not experience significant
confinement, leading to minimal differences in diffusion

128303-2



PHYSICAL REVIEW LETTERS 134, 128303 (2025)

a) 10% c
() ¢ e /"‘ﬁ( )1'8- $ oL A
. 0.4 ] + ¢
“‘q\“ 10 0.3
9 0.2 s 1.4 +
n
= 10—2 Disordered
/ ! - i
.' ! 4 ++
,I : @ Disordered @ Exp.
1.0 9| A Ordered O sim.
—4 ] ! 1
10 Lot I — . . . ;
10-2 100 102 00 02 04 06
7/Te,0 [
b) 102 d) 2 o
(0) o @ &
/Id’ L] KS
RCRRTLE | Sk
= 0.40
2
= 10-2 Qrdered
— Exp
104 1 .= Sim |
10-2 100 102
7/Te,0
FIG. 3. Mean square displacements normalized by contour

length L. and time normalized by reorientational time 7, for
living worms in disordered (a) and ordered (b) obstacle arrange-
ments at 7 = 21°C. In disordered media (a), MSD increases
faster with ¢, while the opposite is observed in ordered media (b).
Dashed lines show simulations of the tangentially driven model
for ¢ = 0 (free) and 0.4. (c) Slopes a of MSD curves for living
worms (filled) and active polymer simulations (open). (d) Long-
time diffusion coefficient D, normalized by D? as a function of ¢,
with lines guiding the eye. The inset shows the linear relationship
between D; and £ /L,. Standard errors are shown as shaded
regions in (a), (b) and error bars in (c), (d).

compared to the obstacle-free case. For the ordered media
[Fig. 3(b)], the opposite trend is observed: We observe a
weak superdiffusive regime and almost a direct crossover
from short-time dynamics to the diffusive regime with a
slope that decreases with increasing ¢.

As a result, the presence of an intermediate regime of
superdiffusion depends on the arrangement of obstacles,
whether they are ordered or not.

The spatial arrangement and density of obstacles influ-
ence the long-time diffusion coefficient D; of the active
worms. As shown in Fig. 3(d), the two geometries exhibit
opposite trends: In disordered media, D; increases with ¢,
while it decreases in ordered media, obeying the intuitive
expectation that greater crowding slows down the diffusion.
Interestingly, the timescales 7 ~ 7, , at which we observe
the diffusive regime, do not appear to depend on the
obstacle surface fraction ¢. Moreover, extracting 7, (¢)
from the orientational-time autocorrelation of the end-
to-end vector (see Supplemental Material Fig. S6 [27])
confirms that 7z, is independent of ¢, consistent with simu-
lation results for semiflexible active polymers in periodic
obstacle arrays [17].

Examining the worm’s center-of-mass trajectories in
ordered and disordered pillar arrays [Figs. 1(a) and 1(b)]

reveals that distinct locomotion strategies drive the con-
trasting diffusion trends. In disordered media, worms
navigate curvilinear tubes formed by randomly positioned
pillars, intermittently trapping before switching paths, akin
to reptation in crowded environments [20,29,34]. During
trapping, worms coil up in pores [Fig. 1(b)]. In contrast, in
ordered structures, worms appear more flexible, lingering
longer in pores and occasionally hopping between them,
consistent with the lower persistence length in Fig. 3(e).

The distributions of curvilinear tube lengths and trapping
times reflect these behaviors. Trapping events occur when
the center-of-mass speed drops below » = 0.5 mm/s,
localizing the trajectory [Figs. 4(a) and 4(b)]. The tube
length L. is the distance traveled between traps.
Probability distributions P(L,.) [Figs. 4(c) and 4(d)]
show that in disordered media, higher pillar densities lead
to longer runs, increasing P (L) in the tail [Fig. 4(c)]. In
contrast, in ordered media, increasing ¢ shortens runs,
reducing the tail of P(Lyy.) [Fig. 4(d)].

Next, we analyze the trapping time distribution 7,
defined as the duration of trapping events. Figures 4(e)
and 4(f) show P(zy,,) for disordered and ordered media.
In disordered media, the tail of P(zy,,) decreases with ¢,
indicating longer tube residence times [Fig. 4(e)], while in
ordered media, it remains nearly unchanged [Fig. 4(f)].
Our simulations of tangentially driven filaments capture the
general shape of P(z,,) but not its exact dependence on ®,
warranting further investigation. The ordered geometry
at ® = 0.5 forms a slightly defective hexagonal Ilattice,
resulting in a nonmonodisperse void size distribution with a
minor log-normal contribution (Supplemental Material
Fig. S7 [27]).

The contrasting trends in the long-time diffusion coef-
ficient and the distribution of run lengths within tubes with
the pillar packing fraction ¢ for ordered and disordered
media originate from changes in the effective persistence
length of the worms with increasing ¢. The active con-
tribution to long-time diffusion (D) is dominant, and
theoretical calculations for tangentially driven active chains
predict that it scales as

D = f*(R3)7./(r’L2), (1)

irrespective of @ [17], also valid in free space [28,33]
(with the average end-to-end distance (R2) and friction
coefficient y). Additionally, for sufficiently flexible
active polymers with £,/L. < 1, the relation 7, ~ L./ f*
holds [28,33] leading to D¢ ~ f*(R2)/L.. For the worms
0.1 <#,/L, <0.26 is sufficiently small to satisfy this
relationship, while the contour length L. and the friction
coefficient y do not change. Experimentally, measured
values of 7, exhibit a weak dependence on ¢, see
Fig. S6 (b) and (c) but their value is systematically higher
for disordered arrays in comparison to ordered ones.
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FIG. 4.

(a) Example of a worm trajectory (¢p = 40%) as it reptates within a tube formed by disordered pillar positions. (b) Worms are

caged when their instantaneous speed drops below 0.5 mm/s. Between caging events, they crawl through effective tubes of length L.
(c), (d) Tube length distributions for disordered (c) and ordered (d) media. In the disordered case, longer tube lengths are observed with
increasing ¢, whereas in the ordered case, maximum tube length decreases at higher ¢. The opposite trend is seen for trapping time
distributions in disordered (e) and ordered media (f). Open symbols represent simulation results.

Assuming 7, is roughly independent of ¢ but higher
in disordered than ordered obstacle arrangements, the
product 7,(R2) explains the observed long-time diffusion
trends. Estimating (R?) experimentally is challenging, but
using the wormlike chain model for semiflexible worms,
we get (R2) =2¢%TL, for ¢5"/L, < 1. Thus, we expect
D; ~ ¢, as confirmed in Fig. 3(d) (inset). In disordered
media with ¢ > 0.3, increased reorientation time and
extended conformations enhance diffusion, surpassing that
of free particles.

Although the tangentially driven polymer model cap-
tures long-time dynamics, it does not fully describe aspects
like the anomalous diffusion exponent in the intermediate
MSD regime [Fig. 3(c)]. Achieving full agreement with
experiments requires models incorporating heterogeneous
or time-dependent active forces or transversal motion
modes [35-38]. A detailed worm-polymer model compari-
son, using principal component analysis of contour curva-
ture [30], is provided in Supplemental Material Sec. 11D
and Fig. S14 [27].

Finally, we examine the impact of activity on worm
transport, adjustable via ambient water temperature [22].
The average persistence length of worms remains
unchanged with temperature [23], whereas their long-time
diffusion coefficient (D;) increases, and their reorienta-
tional time (z,) decreases with temperature [22]. This
behavior aligns with tangentially driven active polymers,
where D, scales linearly with active force (f¢) and 7,

inversely scales with it, 7, ~ 1/f% [26,28,33]. Thus, we
expect the mean squared displacement versus time, scaled
by 77, to be temperature independent. Figure 5(a) shows the
MSD for worms in free space at three activity levels (low,
T = 5°C, intermediate, T = 21 °C, and high, T = 30°C).
While higher temperatures result in larger MSDs (see
Fig. S8 [27] for the same data in lab units), normalizing
by 7! largely mitigates this effect leading to collapse of data
of different temperatures.

In disordered environments, however, the MSD versus
rescaled time (z/7]) strongly depends on activity level, as
shown in Fig. 5(b). Surprisingly, worms with lower activity
(T = 5°C) exhibit faster long-time diffusion than those
with higher activity (T = 30°C), despite the increase in 7,
at lower temperatures. This suggests that the contrasting
trend is not due to increased worm activity in the porous
medium at lower temperatures. Interestingly, the effective
persistence length of worms in disordered media, averaged
over the experimental timescale (Fig. S9 [27]), increases
from 75" = 0.12 to 0.6 by lowering the temperature from
T =30to 5°C.

To rationalize these experimental findings, simulations
are conducted in the same geometry (Supplemental
Material videos 5 and 6 [27]). The active force is kept
constant, and bending stiffness values are chosen to match
the effective persistence length of worms (7 = 30°C:
k =5.5, T =5°C: k = 40, dashed lines). At low activity,
simulations of tangentially driven polymers align well with
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FIG. 5. (a) MSDs of T. Tubifex worms at high (T = 30 °C, red
line), low (T = 5°C, blue line) and intermediate (7 = 21°C,
silver line) activity levels. Time is normalized by the respective
reorientational timescales (73 C = 78,72'C = 41,730°C = 36 5),
which are temperature dependent (Fig. S9 [27]). Dashed lines
show tangentially driven polymer simulations with matching
persistence length and f* = 0.1. (b) MSDs of worms at high and
low temperatures in disordered porous media. At lower temper-
atures, the effective persistence length increases, enhancing worm
spread compared to high temperatures (7 = 30°C, red line).
Dashed lines correspond to simulation results adjusted for k.

worm behavior at large timescales. However, at higher
temperatures, the model no longer fully captures worm
dynamics, suggesting that under low temperatures and
confinement by pillars, worms exhibit peristalticlike
motion. At higher activity, worms adopt transversal motion
modes, indicating the need for a more refined model.

In conclusion, our Letter highlights the crucial role of
environmental heterogeneity, porosity, and the interplay
between flexibility and activity in shaping active flexible
agents’ dynamics, resulting in nontrivial effects distinct
from passive systems [39,40]. Unlike previous studies on
stiff and semi-flexible polymers [5,12,18], we show that
pore morphology significantly impacts worm spreading.
For ¢,/L.~0.1, disordered cylindrical pillars enhance
long-time diffusion with increasing packing fraction, while
ordered arrays reduce it. Worm persistence length depends
on obstacle arrangement and packing fraction. Theory [17]
and simulations indicate that D, is governed by how porous
media alter worms’ mean conformation (e.g., curling) and
reorientation time. In disordered media, enhanced diffusion
arises from curvilinear tubes increasing both mean reor-
ientation time and end-to-end distance. Long-time diffusion
follows Eq. (1), linking it to the product of mean squared
end-to-end distance and reorientation time.

While perhaps not universal, our findings emphasize
cylindrical pillar order, with curvilinear tube formation and
increased persistence length influence spreading. Similar
effects appear in ordered square lattices (Fig. S15 [27]).
While these results hold, further studies on diverse geo-
metries (e.g., hexagonal lattices) are needed for broader
generalization. These results suggest new ways to control
active polymers via lattice arrangement and pillar shape.

Additionally, our observations indicate that distributing
active forces along a driven polymer could enhance active
transport, as seen in living worms. Future work could
explore worm locomotion in more complex, heterogeneous
environments with stagnant regions, offering insights into
their behavior in realistic settings.
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