
Transport of a self-propelled tracer through a hairy cylindrical channel:
interplay of stickiness and activity

Rajiblochan Sahoo, Ligesh Theeyancheri, and Rajarshi Chakrabarti∗
Department of Chemistry, Indian Institute of Technology Bombay, Mumbai, Maharashtra - 400076,
India

(*Electronic mail: rajarshi@chem.iitb.ac.in)

Active transport of biomolecules assisted by motor proteins is imperative for the proper functioning of cellular activities.
Inspired by the diffusion of active agents in crowded cellular channels, we computationally investigate the transport of
an active tracer through a polymer grafted cylindrical channel by varying the activity of the tracer and stickiness of
the tracer to the polymers. Our results reveal that the passive tracer exhibits profound subdiffusion with increasing
stickiness by exploring deep into the grafted polymeric zone, while purely repulsive one prefers to diffuse through the
pore-like space created along the cylindrical axis of the channel. In contrast, the active tracer shows faster dynamics
and intermediate superdiffusion even though the tracer preferentially stays close to the dense polymeric region. This
observation is further supported by the sharp peaks in the density profile of the probability of radial displacement of
the tracer. We discover that the activity plays an important role in deciding the pathway that the tracer takes through
the narrow channel. Interestingly, increasing the activity washes out the effect of stickiness. Adding to this, van-Hove
functions manifest that the active tracer dynamics deviates from Gaussianity, and the degree of deviation grows with
the activity. Our work has direct implications on how effective transportation and delivery of cargo can be achieved
through a confined medium where activity, interactions, and crowding are interplaying. Looking ahead, these factors
will be crucial for understanding the mechanism of artificial self-powered machines navigating through the cellular
channels and performing in vivo challenging tasks.

I. INTRODUCTION

The diffusion of macromolecules in complex crowded
environments plays a significant role in the smooth func-
tioning of living cells. For example, a typical physiological
media like cytoplasm inside the cell contains a variety of
macromolecules such as proteins, enzymes, DNA, etc1,2.
The diffusion of these biomolecules plays important roles
in different biochemical processes such as protein-protein
association, enzyme reactions3, gene transcription4 etc. The
crowding associated with the environment greatly influences
the mechanism of in vivo and in vitro molecular diffusions,
for example nanoparticle diffusion in the cytoplasmic fluid
of living cells5, intracellular transport, and proteins diffusing
through the mucus membrane6 or nuclear pore complex
(NPC), which serves as a gateway connecting the nucleo-
plasm and cytoplasm of cells7–11.

Over the past decades, the diffusion of probe particles in
crowded media has been widely studied both experimen-
tally4,12–19 and theoretically20–29. However, most of these
studies focus on the passive diffusion of particles in crowded
heterogeneous environments, but in the context of cellular
biology, there are plenty of examples of diffusion of active
particles such as molecular motors30–32, active filaments33,
microtubules34 etc. More recently, researchers have come
up with artificial microswimmers like self-propelled Janus
particles or chiral particles mimicking the role of biological
swimmers35–37. In recent years, dynamics of self-propelled
agents in viscoelastic and crowded environments have
been studied by experimentalists as well as investigated in
computer simulation. For example, experimental investi-
gation of self-propelled Janus particles in viscoelastic fluid
demonstrated that the rotational diffusion of the particle gets

enhanced with the self-propulsion velocity38. Computer
simulations have shown that the rotational diffusivity of a
self-propelled Janus particle in the crowded environment
exhibits a nonmonotonous behavior while translational
diffusivity decreases monotonically with the area fraction
of the crowders39,40. On the other hand, enhancement
in translational motion of the cell and a sharp decline in
rotational diffusion are observed in an experimental study
of E. coli in polymeric solutions41. The dynamical be-
havior is significantly affected by the activity, degree of
confinement, steric hindrance, interactions with the medium,
and architecture of the surrounding environment. A more
fundamental question would be to ask how these factors
influence biological processes. A growing interest lies in
understanding the transport of macromolecules through cel-
lular channels8, which is different from studying the particle
diffusing in a typical crowded environment as here, other
than the crowding, confinement effects are also important.
In addition, a key feature of these channels is selectivity and
specificity. Biological cells use a wide variety of transmem-
brane channels and pumps acting as selective barriers for the
passage of different proteins or biomolecules42,43. Among
the cellular channels, the most celebrated one is the nuclear
pore complex, which regulates the nuclear import and export
between the nucleus and the cytoplasm44,45. NPCs allow
the passive diffusion of ions and small molecules through
the narrow aqueous channels. This bidirectional transport is
an essential process in eukaryotic cells. NPCs control the
movement of various proteins or biomolecules in and out of
the nucleus based on the size46. This size-selective transport
of large molecules through NPC were reported earlier47,48.
The knowledge of the functioning and transport mechanism
of the particles through the membrane channels like NPC has
implications in cellular processes. For example, during viral
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infections, the virus crosses the NPC channel and replicates
inside the nucleus in eukaryotic cells46,49. So the mechanism
underlying the transport of particles through cellular channels
is essential for the smooth functioning of living organisms.
However, these are mostly the cases of passive transport. It
will be interesting to explore the dynamics of active tracers,
representative of synthetic nanomotors in crowded narrow
channels.

In this work, we investigate the transport of a self-propelled
particle through a cylindrical channel grafted with polymers
from inside. This serves as the minimalistic computer model
for a cellular channel like NPC, which regulates the molecular
diffusion in and out of the nucleus. We extensively analyze the
dynamics of the self-propelled particle in this crowded cylin-
drical channel. Using computer simulations, we investigate
the effect of excluded volume, short-ranged sticky interac-
tions, and activity on the dynamics of a self-propelled particle.
In general, we find that the dynamics of the probe particle is
always enhanced with activity. However, even though the dy-
namics is faster with increasing activity, there is no preferred
direction of transport. The active tracer frequently changes
its direction while translating due to the presence of crow-
ders (polymer chains), in addition to thermal noise. When the
polymers are sticky to the tracer, the tracer is pulled inside, be
it passive or active. In particular, when the activity is high, the
tracer is to be found everywhere and the strength of stickiness
does not matter. This also reveals that for the passive tracer,
the radial movement is prominent in the case of attractive in-
teraction while most of the diffusion occurs along the cylin-
drical axis of the channel for the repulsive case. Thus interac-
tion strength also plays a vital role here. This suggests that a
combination of moderate activity and stickiness is a preferred
choice for efficient transport and targeted delivery. Higher ac-
tivity destroys specificity and higher stickiness makes the dif-
fusion process slow and inefficient. On the other hand, low
stickiness (or absence of it) does not help the tracer to find
its target buried inside the polymeric zone. Understanding
the mechanism of active transport has practical relevance, in
the context of targeted delivery such as motor-based or pump-
based drug delivery using self-propelled nanotransporters50.
The transportation and delivery of cargo at specific locations
using self-powered agents can be an efficient tool for biomed-
ical applications. Hence, studies of a self-propelled particle
diffusing through a narrow channel will help in designing re-
alistic experiments to explain the mechanism underlying the
biological motor-based transport through cellular channels.

II. MODEL AND SIMULATION DETAILS

We model the hairy narrow cylindrical channel by grafting one
terminal monomer of the linear polymers to one of the inner
wall particles of a cylinder with height 24σ and radius 9σ in
three dimensions with periodic boundary conditions along the
cylinder axis (Fig. 1). The cylinder axis is chosen to be the z
axis. The cylinder is static throughout the simulations. A to-
tal of 75 polymer chains are grafted and each of the polymer

chains consists of 12 monomers, connected to the neighbor-
ing monomers by finite extensible nonlinear elastic (FENE)
potential,

VFENE (r) =

− kr2
max
2 ln

[
1−
(

ri j
rmax

)2
]
, if ri j ≤ rmax

∞, otherwise.
(1)

where ri j is the distance between two neighboring monomers
in the polymer, rmax is the maximum displacement of the
bond, and k is the force constant. In our simulation the param-
eters are k = 7, rmax = 5. The repulsive interaction between
the polymer beads and with the wall particles is modeled via
the purely repulsive Weeks-Chandler-Andersen (WCA) po-
tential51,

VWCA(ri j)=

4εi j

[(
σi j
ri j

)12
−
(

σi j
ri j

)6
]
+ εi j, if ri j < 21/6σi j

0, otherwise,
(2)

where σi j =
σi+σ j

2 is the effective interaction diameter, ri j is
the separation between a pair of interacting monomers and εi j
is the strength of the interaction.

Fig. 1. (a) Top view and (b) side view of the snapshot of a represen-
tative tracer particle (red) inside the polymer (green) grafted cylin-
drical channel with rigid walls (cyan). The wall particles are made
transparent in the side view to show the grafted polymers clearly.
The snapshot is generated using the visualization package OVITO52.
Here the size of the tracer is the same as that of a monomer

.

We introduce a spherical tracer particle (red color in Fig. 1) of
diameter 1σ inside this cylindrical channel grafted with poly-
mers. All the particles in the system have identical masses.
The tracer particle interacts repulsively with the wall particles
by WCA potential and with the grafted polymers either via a
repulsive WCA potential or via a sticky interaction, modeled
by the standard Lennard-Jones potential,

VLJ(ri j) =

4εi j

[(
σi j
ri j

)12
−
(

σi j
ri j

)6
]
, if ri j ≤ rcut

0 ,otherwise
(3)
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where ri j is the separation between the tracer particle and
monomers of the grafted polymers, εi j is the strength of the
interaction (stickiness) with an interaction diameter σi j, and
the Lennard-Jones cutoff length rcut= 2.5 σ . We have varied
the interaction strength ε and size of the tracer particle σp in
our simulations. The Lennard-Jones parameters (σ and ε)
and m are the fundamental units of length, energy, and mass,
respectively. Therefore, the unit of time is τ =

√
mσ2/ε .

The following Langevin equation is implemented to simulate
the dynamics of a particle with mass m and position ri(t) at
time t, interacting with all the other particles in the system.

mi
d2ri(t)

dt2 =−ξ
dri

dt
−∑

j
5V (ri− r j)+ fi(t)+ factn (4)

dn
dt

= η(t)×n (5)

here, r j represents the position of all the particles except the
ith particle in the system, V (r) =VLJ+VWCA+VFENE is the re-
sultant pair potential between the ith and jth particles. VLJ = 0
for purely repulsive interactions, and we set VWCA = 0 for
attractive interactions. Here, we consider very high friction
coefficient (ξ = 2.148×104), therefore the dynamics is over-
damped. Thermal fluctuations are captured by the Gaussian
random force fi(t), following the fluctuation-dissipation the-
orem.

〈 fα(t)〉= 0,
〈

fα(t ′) fβ (t
′′)
〉
= 6ξ kBT δαβ δ (t ′− t ′′) (6)

where kB is the Boltzmann constant and T is the temperature.
fact represents the magnitude of the active force with orienta-
tion specified by the unit vector n. The orientation changes
according to eqn 5, where η(t) is the Gaussian distributed
stochastic vector with 〈η(t)〉 = 0 and time correlations
given by

〈
ηα(t ′)ηβ (t ′′)

〉
= 2Drδαβ δ (t ′ − t ′′), where Dr is

the rotational diffusion coefficient. The unit vector n can
be expressed in the form of spherical coordinates15. Here
we express the self-propulsion in terms of a dimensionless
quantity Péclet number, Pe defined as Pe = factσ

kBT . Therefore,
Pe = 0 corresponds to a passive tracer.

All the simulations are performed using the Langevin thermo-
stat and the equation of motion (eqn 4) is integrated using
the velocity Verlet algorithm in each time step. We initial-
ize the system by placing a tracer inside the cylinder grafted
with polymer and relaxed the initial configuration for 107

steps. This also ensures the equilibration of the tracer which
is placed at the axis of the cylinder in the initial configuration.
All the production simulations are carried out for 5×108 steps
where the integration time step is considered to be 5× 10−4

and the position of the tracer particle is recorded every 100th

steps. We have performed 10 independent simulations for
each case. The simulations are carried out using LAMMPS53,
a freely available open-source molecular dynamics package.

III. RESULTS AND DISCUSSION

As a first step, we simulate the passive (Pe = 0) and
self-propelled (Pe 6= 0) tracer particle in a free cylindrical
channel without incorporating any crowders and study
the dynamics for validating the set of parameters used
for our work. First we compute the time-averaged MSD,
δ r2

i (τ) =
1

Tmax−τ

∫ Tmax−τ

0 [ri(t + τ)− ri(t)]
2dt, from the time

evolution of ri(t), where, Tmax is the total run time and τ is the
lag time. Further, to obtain the time-and-ensemble averaged
MSD, we calculate the average,

〈
δ r2

i (τ)
〉
= 1

N ∑
N
i=1 δ r2

i (τ),
where N is the number of independent trajectories. Here,
we compute time-and-ensemble averaged translational mean
square displacement (MSD) of the self-propelled tracer
particle along the cylinder (

〈
δ z2(τ)

〉
) as well as along the

radial (
〈

δ (x2 + y2)(τ)
〉

) directions as a function of lag time
τ for different values of Pe. In the absence of any crowders,
the self-propelled tracer particle freely diffuses and the MSDs
grow faster in comparison to the passive tracer and exhibit a
three-step growth; short time thermal diffusion (αz(τ) = 1),
intermediate superdiffusion (αz(τ) > 1), and a long time
enhanced diffusion (αz(τ) = 1) (Fig. 2), where the time

exponent αz(τ) =
dlog(

〈
δ z2(τ)

〉
)

dlog(τ) . On increasing Pe, the growth

of
〈

δ z2(τ)
〉

and
〈

δ (x2 + y2)(τ)
〉

becomes faster. However,

for higher Pe,
〈

δ (x2 + y2)(τ)
〉

shows a saturation at long
time limit due to the confinement created by the wall particles
of the cylindrical channel (Fig. S1). This observation is
absent for smaller values of Pe, as the tracer particle is not
able to reach the wall of the cylinder to feel the confinement.

In order to investigate the effect of crowding and interactions,
the cylindrical surface is randomly grafted with polymer
chains by fixing one terminal monomer of each of the chains
to one of the wall particles. Here, we study the effect of
interaction strength (ε) and the activity (Pe) on the dynamics
of the self-propelled tracer particle. We first focus on the
effect of interaction strength ε between the tracer particle
and the polymers for the passive case, Pe = 0. When the
polymers are purely repulsive (WCA), the tracer particle
moves through the free pore-like space available between
the grafted polymers along the cylinder axis causing a
diffusive behavior over time with αz(τ) = 1 (Fig. 3(a)). On
the other hand, in the case when the tracer is attractive to
the grafted polymers, the tracer particle goes deep into the
grafted polymeric zone, leading to local trapping of the tracer
(Movie1, Movie2), which slows down the dynamics and
results subdiffusive (αz(τ) < 1) behavior at the intermediate
time (Fig. 3(b)). Besides this,

〈
δ (x2 + y2)(τ)

〉
also shows

qualitatively similar behavior (Fig. S2) with
〈

δ z2(τ)
〉

for
the passive tracer with different ε . The intermediate subdif-
fusive behavior in Fig. 3 is more prominent upon increasing
the interaction strength ε . The cause of this intermediate
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(a) (b)

Fig. 2. (a) Log–log plot of < δ z2(τ)> vs τ and (b) log-linear plot of αz(τ) of the tracer particle at different Pe in cylindrical channel without
polymers.

(a) (b)

Fig. 3. (a) Log–log plot of < δ z2(τ) > vs τ and (b) log-linear plot of αz(τ) of the passive tracer particle with different stickiness parameter
(ε) in the polymer grafted cylindrical channel.

subdiffusion can be interpreted as follows: the tracer particle
gets trapped inside the kinks in the local configurations of the
polymer at intermediate time scales. The correlated motion
of the polymer is slow, and the polymer interacts strongly
with the tracer leading to a slow down in tracer dynamics.
When the polymer changes the configuration, the tracer
escapes from these local traps. Further, to verify this, we
freeze the grafted polymers and repeat the simulations. We
observe that by freezing the grafted polymers, the dynamics
slows down (Fig. S3), and the subdiffusion behavior of the
passive tracer is more pronounced compared to the case with
mobile polymers in passive case (Pe = 0). Here, the trapped
tracer has to escape on its own, and the random configuration
changes no longer facilitate the escape of the tracer like the
case where the polymers are mobile. The tracer particle is

trapped inside the frozen polymers along the radial direction
and

〈
δ (x2 + y2)(τ)

〉
gets saturated due to the confinement

created by the wall (Fig. S2(b)). On the other hand, the active
tracer shows qualitatively similar behavior in mobile as well
as in frozen polymers. This is caused by the tendency of the
active tracer to stay close to the wall by moving through the
random spaces available inside the dense polymer grafted
zone to the comparatively less crowded wall region.

Next, to understand the effect of activity, we take the self-
propelled tracer with the interaction strength ε = 1.5 and
vary the activity (Pe). This is in the same spirit as in case of
a self-propelled tracer (carrier) looking for a target, which
has a strong affinity to the tracer. However, here we have
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(a) (b)

Fig. 4. (a) Log–log plot of < δ z2(τ)> vs τ and (b) log-linear αz(τ) of the tracer particle in the polymer grafted cylindrical channel at different
Pe for ε = 1.5.

(a) (b)

Fig. 5. (a) Side view and (b) top view of the trajectory of the tracer particle in the polymer grafted cylindrical channel at different Pe.

made all the monomers of the chains equally sticky to the
tracer and thus the tracer does not have a specific target
zone to bind with. Here, the active tracer shows a three-step
growth in

〈
δ z2(τ)

〉
: short-time diffusion (αz(τ) = 1) and

an intermediate superdiffusion followed by a long time
enhanced diffusion compared to the passive tracer (Pe = 0)
in the polymer grafted cylindrical channel. This can be
seen from Fig. 4. The self-propulsion turns the intermediate
subdiffusion to superdiffusion. Further increasing the Pe,
the long time value of

〈
δ z2(τ)

〉
shows a steady increase

(Fig. 4(a)), which indicates that the activity helps the tracer
to overcome the steric barrier created by the grafted polymer
chains and escapes efficiently from the local traps. Inter-
estingly, for higher Pe the dynamics is much faster, and the

self-propelled tracer constantly changes the directions as it
more frequently encounters the polymer chains, loses the
specificity, and moves deep into the grafted area near the
wall of the cylinder (Movie3, Movie4) in comparison to
smaller values of Pe, as evident from Fig. 5. Thus, transport
of the self-propelled particle will be faster and explore most
part of the narrow channel by changing the path directions.
We compute the ratio DPe

DPe=0
to account for how much the

diffusivity is enhanced due to activity. Here DPe is the
diffusion coefficient of the self-propelled tracer for a given Pe
and DPe = 0 is the diffusion coefficient for the passive tracer.
The DPe

DPe=0
increases with Pe and shows approximately two

orders of increment for Pe = 50 (Fig. S4). We discover that
the dynamics of the self-propelled tracer diffusing through a
crowded narrow channel is governed by contrasting factors
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Fig. 6. P(r) of the tracer particle in the polymer grafted cylindrical channel with different ε for (a) Pe = 0 and (b) Pe = 50 and (c) with different
Pe for ε = 1.5 .

such as activity, interactions, and crowding. Crowding slows
down the dynamics while the activity facilitates the tracer
to overcome the local traps formed by the grafted polymers,
and as a result, the transport becomes faster. However,〈

δ (x2 + y2)(τ)
〉

of the self-propelled tracer also exhibits

a qualitatively similar pattern with the
〈

δ z2(τ)
〉

at inter-

mediate time, but at longer time
〈

δ (x2 + y2)(τ)
〉

saturates
due to the confinement created by the wall (Fig. S5). Apart
from this, we analyze the effect of size on the dynamics by
computing

〈
δ z2(τ)

〉
of the tracer particle by varying the size

(σp) for Pe = 20 by keeping ε = 1.5. Fig. S6 clearly indicates
the slowing down of the dynamics of the self-propelled tracer
with its size. We also compute the velocity autocorrelation,

Cv(τ) =
〈v(t+τ).v(t)〉〈

v2(t)
〉 , for the tracer particle at different Pe

(ε = 1.5) and stickiness (Pe = 0). We observe sharp decay
in Cv(τ) with lag time τ for smaller Pe values, and shows a
stronger correlation with a higher decay time with increasing
Pe (Fig. S7(a)). Besides this, the Cv(τ) falls off sharply for
lower stickiness and exhibits a negative correlation at higher
stickiness (ε = 2.5) due to the trapping of the tracer particle
by the grafted polymers (Fig. S7(b))22,39,54.

We further investigate the influence of ε and Pe on the prob-
ability density of finding the tracer along the radial direction
(P(r)). First, we compute P(r) for different ε for a given Pe. In
the case of purely repulsive tracer, P(r) is maximum around
the cylinder axis of the channel and gradually decreases to-
wards the wall of the cylinder (r = 9) (Fig. 6(a)). Whereas,
P(r) changes profoundly on making the tracer attractive to the
polymers. P(r) has a low density around the center and has
a high density at grafted polymeric region unlike the purely
repulsive case (Fig. 6(a)). Thus, the attractive interaction sig-
nificantly pushes the tracer towards the polymer grafted re-
gion from the central region of the cylinder and is reflected in
Fig. 6(a) by the distribution peaks shifting to larger values of

r with increasing values of ε . This indicates that the repulsive
tracer spends more time at the pore-like space in the central
region of the channel and the probability decreases along the
radial direction, while the attractive tracer prefers to stay close
to the wall of the polymer grafted cylinder. Next, we vary ε

by keeping Pe = 50 for the self-propelled tracer particle. P(r)
shows the density profile with sharp peaks located close to the
wall of the cylinder (r = 8σ ) for Pe = 50 irrespective of ε as
shown in Fig. 6(b). This implies that it is equally probable to
have the tracer near the wall of the cylindrical channel for all
values of ε for larger Pe. It is consistent with the trajectory
of the tracer in Fig. 6(b), which shows repeatedly changing
paths inside the channel for increasing value of Pe. Next, we
vary the activity of the tracer for a fixed value of ε . A more
broader and flat density profile with increasing Pe for the self-
propelled tracer as shown in Fig. 6(c), while for very high
Pe the active tracer prefer to stay close to the wall which re-
sults into a narrow distribution. It is equally probable to have
the tracer everywhere inside the cylindrical channel for higher
values of Pe.

Subsequently, to achieve a deeper understanding of the un-
derlying dynamics, we compute the probability distribution
function P(∆z;τ) ≡ 〈δ (∆z− (z(t + τ)− z(t)))〉 of the tracer
particle’s displacement in one dimension (along z-direction)
21, where z(t +τ) and z(t) are the positions of the tracer along
the cylinder axis at a time (t + τ) and t, respectively. P(∆z; t)
corresponds to the time and ensemble-averaged self-part of
the van-Hove function. In Fig. 7 we plot P(∆z; t) with the cor-
responding Gaussian distribution functions for the free Brow-
nian motion, P(∆z) = 1√

2π〈∆z2〉
exp(− ∆z2

2〈∆z2〉 ). As a first step,

we analyze P(∆z; t) of the passive tracer (Pe = 0) for differ-
ent ε . Fig. 7(a) depicts that due to the confined motion of the
tracer, P(∆z; t) becomes narrower with increasing ε . This is
more prominent for higher values of ε . We show that the pro-
files can be well fitted by Gaussian distributions (solid lines in
Fig. 7(a)). Moreover, we investigate whether the effect of ac-
tivity will reshape the probability density profile of the tracer
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(a) (b)

Fig. 7. P(∆z;τ) of the tracer particle in the polymer grafted cylindrical channel with (a) different ε for Pe = 0 and (b) for different Pe with
ε = 1.5. The solid lines (black and cyan) represent the Gaussian fittings.

displacement by evaluating P(∆z; t) for the self-propelled par-
ticle by varying the Pe for a constant ε . As compared to the
passive case (Pe = 0), the width of the P(∆z; t) is evidently
wider, indicating the activity-induced escaping of the self-
propelled tracer and enhanced diffusivity. The distribution
becomes remarkably broader as a function of Pe (Fig. 7(b).
More importantly, the motion of the self-propelled tracer be-
comes non-Gaussian at higher Pe owing to the self-propelled
motion of the tracer. The deviation from the Gaussianity is
more pronounced for larger Pe values. A similar behavior is
observed for the displacement along radial direction shown in
Fig. S8.

IV. CONCLUSIONS

In this work, we have extensively analyzed the dynamics of
a self-propelled as well as a passive tracer in a cylindrical
channel grafted with polymers by varying the interaction
strength between the tracer and the polymers and the activity
of the tracer. Our simulation results show that the passive
tracer exhibits an intermediate subdiffusion when the interac-
tion is attractive, unlike the purely repulsive case where the
tracer is diffusive at all times. The intermediate subdiffusion
gets more pronounced upon increasing the strength of the
attractive interaction. The tracer particle is trapped inside the
local minima of the rugged energy landscape created by the
local configurations of the polymers cause this intermediate
subdiffusive behavior20. In general, the trapped tracer particle
follows the motion of the chain leading to a slow down
of dynamics. The change in configurations of polymers
facilitates the escape events of tracer from the transient traps
and again shows the diffusive character. Subsequently, this
is justified by the long-lived subdiffusive motion observed
when we freeze the grafted polymer, where the polymers no
longer change their configurations. More importantly, our

simulations reveal that there is an enhancement in diffusivity
on changing the passive tracer to a self-propelled one, in the
presence of grafted polymers. The diffusivity increases as
a function of the activity. A clear difference in dynamics is
observed for the self-propelled tracer compared to the passive
tracer. Here the activity turns the intermediate subdiffusion
to superdiffusion. This superdiffusion is more notable
for higher Pe, and the dynamics is faster even though the
self-propelled tracer constantly changes the directions inside
the cylindrical channel. This observation is further supported
by the probability density to find the tracer along the radial
direction, which shows increasingly broader distributions
with the increase in activity or the interaction strength. The
tracer moves deep into the grafted polymeric zone, which
leads to a strong intermediate subdiffusion with increasing
interaction, while the increase of activity also leads to broader
distributions but faster dynamics and exhibits a superdiffusion
at intermediate time. The dynamics of the self-propelled
tracer displays deviation from the Gaussianity at the higher
range of activities, whereas the passive tracer dynamics
with different interaction strength remains as Gaussian. Our
study discloses that the balance between the activity and
interactions facilitates the transport of tracer through the
crowded narrow channel.

In a nutshell, our present work focuses on the anomalous dif-
fusive dynamics of a self-propelled particle through a crowded
channel. Our findings can provide useful insights into the
active transport facilitated by biological pumps55 or motor
molecules56–58. Drawing motivation from the performance of
biological motors and pumps, researchers have designed hy-
brid bio-synthetic nano or micro transporters by incorporat-
ing motor proteins into artificial systems59–62. Previous stud-
ies revealed that a unidirectional transport of materials occurs
when the cargo is attached to kinesin63,64. Thus, artificial self-
powered nano or microdevices have potential applications in



8

targeted delivery and are used as a carrier for cargo transporta-
tion and delivery purposes50. So they are subjected to a range
of topological constraints and interactions while performing
the assigned tasks. It is highly demanding to have a better un-
derstanding and tuning of highly selective transport of macro-
molecules through cellular channels such as the NPC, mu-
cous membranes, and the extracellular matrix that depends on
speed, size, and binding affinity. We believe that the main fea-
tures of our findings stay valid qualitatively for understanding
the active transport through crowded channels. More work in
the future will be required to manifest the hidden mechanisms
underlying the transport using active agents. Further studies
of active transport through crowded narrow channels by incor-
porating specific and non-specific binding zones on polymers
are anticipated in future.
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Fig. S1. Log–log plot of
〈

δ (x2 + y2)(τ)
〉

vs τ of the tracer particle in cylindrical channel without polymers, at different Pe.

Fig. S2. Log–log plot of
〈

δ (x2 + y2)(τ)
〉

vs τ of the passive tracer particle in the polymer grafted cylindrical channel with different ε .
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(a) (b)

Fig. S3. Log–log plot of (a) < δ z2(τ)> vs τ and (b)
〈

δ (x2 + y2)(τ)
〉

vs τ for the tracer particle in the frozen polymer (dotted lines) grafted
cylindrical channel and in the mobile polymer (solid lines) grafted cylindrical channel at different Pe for ε = 1.5.

Fig. S4. DPe
DPe=0

of the tracer particle in the polymer grafted cylindrical channel at different Pe for ε = 1.5.

Fig. S5. Log–log plot of
〈

δ (x2 + y2)(τ)
〉

vs τ of the tracer particle in the polymer grafted cylindrical channel at different Pe for ε = 1.5.
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Fig. S6. Log–log plot of < δ z2(τ)> vs τ of the tracer particle with different size for (a) Pe = 0 and (b) Pe = 20 with ε = 1.5.
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Fig. S7. Cv(τ) vs lag time (τ) of (a) active tracer at different activity for ε = 1.5 and (b) passive tracer with different stickiness in low friction
limit.
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(a) (b)

Fig. S8. P(∆x;τ) of the tracer particle in the polymer grafted cylindrical channel with (a) different ε for Pe = 0 and (b) for different Pe with
ε = 1.5. The solid lines (black and cyan) represent the Gaussian fittings.
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Movies
The movies illustrate the qualitative difference in the dynam-
ics of the passive and self-propelled tracer particle in the poly-
mer grafted cylindrical channel.

1. Movie1: Molecular dynamics simulation of the passive
tracer (Pe = 0) in the polymer grafted cylindrical chan-
nel with attractive interaction strength ε = 1.5. The
tracer particle gets trapped inside the kinks in the lo-
cal configuration of the grafted polymers, and then as
time progresses, the polymers change their configura-
tion, and the tracer escapes (top view).

2. Movie2: Side view of Movie1. Here we can see that
the passive tracer is strongly interacting with the grafted
polymers and prefer to stay in the grafted polymeric re-
gion.

3. Movie3: Molecular dynamics simulation of the self-
propelled tracer (Pe = 20) in the polymer grafted cylin-
drical channel with attractive interaction strength ε =
1.5. The self-propulsion force helps the tracer to escape
from the local trap formed by grafted polymers, and the
self-propelled tracer undergoes more random paths and
explores every part of the channel (top view).

4. Movie4: Side view of Movie3. It is clearly seen that the
active tracer has a tendency to move towards the grafted
polymeric zone and prefers to stay close to the wall of
the cylinder by following random paths.
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