Tangentially Active Polymers in Cylindrical Channels
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We present an analytical and computational study characterizing the structural and dynamical
properties of an active filament confined in cylindrical channels. We first outline the effects of the
interplay between confinement and polar self-propulsion on the conformation of the chains. We
observe that the scaling of the polymer size in the channel, quantified by the end-to-end distance,
shows different anomalous behaviours under different confinement and activity conditions. In par-
ticular, we report scaling exponents that are markedly different from their passive counterparts.
Interestingly, we show that the universal relation, describing the ratio between the end-to-end dis-
tance of passive polymer chains in cylindrical channels and in bulk is broken by activity. Finally, we
show that the long-time diffusion coefficient under confinement can be rationalised by an analytical
model, that takes into account the presence of the channel and the elongated nature of the polymer.

I. INTRODUCTION

Active systems are characterized by the presence of
mechanism that breaks equilibrium at the microscopic
scale, generating directed (self-propelled) motion [1]. As
a consequence, they display dynamical and collective
properties that are vastly different from those displayed
by their passive counterparts [2]. Of particular inter-
est, for biological as well as for synthetic systems, is the
behaviour of active matter in complex or confined en-
vironments [3]. For example, since the seminal work of
Rotschild [4] we know that sperm cells accumulates at
boundaries, a behavior that is common to bacteria [5, 6]
and algae [7]. Such behavior has also been reported for
theoretical models that capture the far-field velocity pro-
file of microswimmers under confinement [8, 9], and for
both theoretical and experimental results dealing with
phoretic colloids [10]. Recently, the characterization of
active filaments has become a cutting edge research in
active matter [11], for two main reasons. Firstly, systems
composed by active polymer-like units are ubiquitous in
Nature at different lenght scales, from the sub-cellular
level [12-15], to bacteria or other micro-organisms [16—
19] all the way to worms and other multi-cellular organ-
isms [20-25]. Secondly, thanks to technological progress,
the synthesis of artificial active chains [26-29] and soft
robots [30, 31] is now possible. Such synthetic analogues
have various possible applications [32, 33].

From the modeling perspective, active polymers are
macromolecules composed by out-of-equilibrium beads,
whose activity can arise from a temperature mis-
match [34-36] or from a self-propulsion force, completely
random [37] or oriented along the polymer backbone [38—
47]. We focus on the latter case, sometimes also referred
to as polar active polymers, as they are believed to mimic
the action of molecular motors [48]. Despite the growing
interest in the field, few works have investigated the prop-
erties of active filaments under confinement. Notably,
the effects of spherical confinement have been considered
for different models [13, 49-52]: spherical confinement
is indeed relevant for biophysical systems such as chro-
matin. Further, the dynamics in complex confinement,
such as porous media, has received some attention [53—
57]. Other settings, such as translocation [58], slab [59]
or cylindrical confinement [60-62] have been rather over-
looked. This is surprising, given that understanding the
effects of cylindrical and slab confinement has paved the
way for understanding more complex scenarios, for pas-
sive polymers and active matter alike [3, 63-65].

In this paper we investigate the conformation and dy-
namics of tangentially active polymers under cylindrical
confinement (as shown in Fig. 1). We will show that,
as compared to their passive counterparts, the configura-
tional properties of polar active polymers display a rich
scenario, that stems from the interplay between confine-
ment and activity. Importantly, these polymers do not



follow the same universal curve, reported in the passive
case[66]. This suggests that the blob picture, that holds
for polymers in equilibrium, is no longer valid and, sim-
ilarly to Ref. [60], the polymer self-similarity is broken
at some non-trivial length scale. We also show that, at
variance with active colloids, confinement does not al-
ways lead to accumulation to the channel walls. Rather,
such accumulation appears only under weak confinement
conditions. Finally, we find that the long-time diffusion
coefficient along the channel axis is enhanced for long
polymers with respect to the bulk value, even in the weak
activity limit. By means of an analytical approximation,
we show that this enhancement can be rationalized by
a “rod-like” effect, that synergizes with the polar self-
propulsion force and effectively increases the polymer dif-
fusion.

FIG. 1. Schematic sketch of the active polymer in a cylindrical
channel. Polymer is constructed as beads connected by linear
springs. For each bead 7 the active force is applied in the
direction of the vector (r;;—ri—;)/|rit+i—ri—i|. Note that the
channel confinement is implemented as a collection of beads.
As such, the channel is rough and not perfectly smooth. For
visualize propose in the figure the beads of the polymer are
bigger than the particles forming the channel.

II. MODELS AND METHODS

A. Numerical model and simulation details

We model active polymer chains in a coarse-grained
fashion; a sketch is reported in Fig. 1. We employ the
well known bead-spring Kremer-Grest model [67], where
each polymer consists of N monomers, that interact with
each others via a repulsive WCA potential

WCA _ de [(0/7")12 —(a/r)° + ﬂ , <25
0, else

where ¢ is the monomer diameter and ¢ = 10kgT, kp
being the Boltzmann factor and T the absolute temper-

ature. Neighbouring monomers along the backbone are
held together by a FENE potential
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where we set K =30¢/0?=300kpT/0? and Ry = 1.50.
This choice of parameters allows to avoid strand cross-
ings that could be relevant in the measured properties
even in the passive case [67]. We introduce the polymer’s
activity in the form of a tangential self-propulsion force.
All monomers, except the first and the last ones, are self-
propelled by an active force with constant magnitude F,:
for monomer i, the force F% reads

Tii: — T s
F?l:F 1+ 1—1 3
R e (3)

and it is parallel to the — normalized — backbone tan-
gent [39, 41]. Activity is quantified via the adimensional
Péclet number, which measures the strength of the self-
propulsion in relation to the thermal noise, defined as

Pe = F,o/kpT. (4)

Finally, the active polymers are confined in straight,
cylindrical channels. Confinement is provided by as
a collection of immobile beads of diameter o placed
around the channel axis at a fixed distance R + o from
it; the distance R is, thus, the radius of the channel.
The interaction between the beads and the monomers
is given by the WCA potential, Eq. (1). Following
the same protocol as in [68], the beads are arranged
regularly and, at least, they are at contact distance
with their nearest neighbours, as to prevent any possible
escape of the polymer.

Throughout the work, we consider the monomers as
having unitary mass m; we further set ¢ and the
thermal energy kT as the units of length and energy,
respectively, so that the characteristic simulation time 7
is unitary. We perform Langevin Dynamics simulations,
in the overdamped regime, disregarding hydrodynamics.
We employ the open source package LAMMPS [69],
with in-house modifications to implement the tangential
activity. We integrate the equations of motion using
the Velocity Verlet algorithm and choose time step
At = 10737. In order to ensure the overdamped
regime within the range of values of Pe considered,
following [42], we set the friction coefficient ~y to
vo = lkgTt/o?, if Pe < 1 and 79 = 10kgTT/0? if
Pe > 1.

We simulate polymers consisting of N monomers, with
40 < N < 750, at different confinement conditions 6
< R/o < 18. We further vary the activity between 0.03
< Pe < 10 and average over M = 50 — 100 independent
realisations. The simulation box is orthogonal, with two
short sides Ly, = L, = 2(R+ o) + ¢ and a long side
L, = No, parallel to the channel axis, chosen to ensure a



fully stretched polymer is contained in a single box. The
simulation box is periodic along the channel () axis.
Initial configurations are prepared from equilibrium sim-
ulations in good solvent conditions, performed using the
same Kremer-Grest model. When activity is turned on,
we first perform simulation runs to reach the steady state,
followed by production runs of (on average) 1-10%7, cor-
responding to 1-10% time steps (snapshots of the systems
are taken every 7, = 10%7 or 107 time steps).

B. Structural and dynamical properties

We compute the average square end-to-end distance,
defined as the square euclidean distance between the two
ends of the polymer chain

(Re?) = ((rn —11)%), ()

where the average is performed, in steady state, on
time and on different realisations. In the rest of the
manuscript we will consider the (average) end-to-end dis-
V(Re?).
We will also report the probability of finding the cen-
tre of mass of the polymer rq, = % Zil r; inside the
channel at a distance r from the centre of the channel,
as well as the the orientation of the polymer, i.e. com-
puting the angle between the axis of the channel (the z
axis in our simulations) and the instantaneous end-to-end
vector, which reads

R, -x
0 = arccos < = ) . 6)
] (

We remark that the probability distribution of the cen-
ters of mass is a radial distribution and, as such, we di-
vide the measured probability by the area of the circular
corona between r and r + Ar, Ar being the chosen bin
width.

Concerning the dynamics of the chain, we compute the
characteristic time scale of the dynamics, 7., as the corre-
lation time of the end-to-end vector: we extract 7. from
the end-to-end time autocorrelation function
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by fitting the data at short times with an exponential
function Cr, (t) = exp (—t/7e). The average (in steady
state) in Eq. (7) is performed both on the initial time ¢o
and on the ensemble of the different realisations. Finally,
we compute the mean square displacement (MSD) of the
centre of mass along the direction of the channel axis, i.e.
along the = axis

(822(t) = ([eem(to +8) = zem()’ ), (8)

where ¢, is the position of the centre of mass of the poly-
mer along the channel axis. The average is performed as

previously detailed. For times much longer than 7, the
MSD grows linearly in time. As common in active matter
systems, we identify this regime as the long-time active
diffusive regime and compute the (long time) active dif-
fusion coefficient D, as

o (A()
Da_tliglo 2dt

9)

following the Einstein relation, where d = 1 is the effec-
tive dimensionality of the system.

C. Theoretical Modeling

1. Mapping an active polymer to an Active Brownian
Particle

The mapping between a tangentially-driven active
polymer in bulk and an Active Brownian particle (ABP)
has been introduced in Refs. [39, 42, 44]. We extend this
mapping to describe the dynamics of an active polymer
under confinement. Specifically, we map the dynamics
of the centre of mass of the polymer, projected along
the axis of the channel, to an ABP in 1D. Briefly, the
ABP model is characterised by an active force, fABF
whose magnitude fABF is constant and a self-propulsion
direction n evolving in time as a stochastic process with
a characteristic time, 72BT  usually called reorienta-
tional time. In what follows, we will consider an ABP
model whose active force evolve by rotational diffusion.
In addition, the ABP is subject to thermal noise, with
thermal energy kg7 and friction coefficient yABP.

In the overdamped limit, the long time diffusion coef-
ficient of an ABP can be expressed as [70]

ABP (UABP)2

r
DABP _ pABP r a _
@ + 2d
ABP ( fABP /. ABP
T
DABP + (f 5 /’Y ) , (10)
where vABP = fABP /7ABP ig the self-propulsion velocity

and pAbP _ k; T /v*BP the translational diffusion coef-
ficient. Since we consider an ABP in 1D, we set d = 1.
In order to map the polymer to an ABR we have to
provide effective values for the friction coefficient, the re-
orientation time and the active force. For a polymer of
length N, the effective friction coefficient on the centre
of mass is related to the monomer friction coefficient -y,
disregarding hydrodynamics, as

vp = N 0. (11)

For the polymer model considered in this study, we ap-
proximate the total active force F, = ), F¢ to be almost
parallel to the end-to-end vector of the polymer, R,

F,~F,—, (12)



where o and F, are defined in Sec. ITA. As in Eq. (10),
we define the propulsion speed for the effective ABP par-
ticle as the ratio between the magnitude of the total ac-
tive force FZ and the total friction coefficient vp
_|Fal _ Fo Re 1 PekpT R,
v Nyo Ny o o
where we take R, = /(R2). The thermal contribution
to the diffusion coefficient follows from the Rouse model,
kT kT  Dg
v Ny N’

(13)

a

Dy (14)
Dy = kpT/~o being the diffusion coefficient of single pas-
sive monomer. Finally, from Eq. (12) follows that the
reorientational time of the active force is equal to the
correlation time of the end-to-end vector of the polymer

Tr = Te, (15)

where the auto-correlation time of the end-to-end vector
7. was introduced in Sec. II B.
Combining Egs. (10), (12), (13) and (15), we can write

Da—DN_TfDo Rg
Dy 02 2No?

Pe?. (16)

This expression is equivalent to that reported in Refs. [39,
42], but projected in 1D.

2. Predicting the diffusion coefficient: bulk estimate and
angular correction under confinement

In the bulk, one can take advantage of the scaling re-
lations, reported in Ref. [39]: the end-to-end distance

follows
ar, +hr, In (\/612% —|—Pe2) 5
RE = ' . Nve®e) (17
« =7 (Pe + 1)ere an)

where ag., hg., 0r., cr. and v2(Pe) are fitting param-
eters. In the Supplemental Material, we report mea-
surements for RZ in the bulk for the model discussed in
Sec. ITA; we verify that the functional form of Eq. (17)
remains valid, within the range of parameter considered,
with ar, = 1.5, hg, = 0.058, dr, = 0.0005, cr, = 0.201
and v53(Pe) = 0.54 Pe "2, Further, an expression for
the correlation time of the end-to-end vector is available
in the bulk:
TEBD() B N

o2 0 P
with 78 = 0.5. Thus, if we disregard the effect of con-
finement, we get the following expression:

(18)
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2
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Finally, we include the contribution of confinement by
adapting the correction developed in Ref. [71] for rod-
shaped particles. We indeed approximate the polymer
under confinement as a rod whose main axis is given by
the end-to-end vector RS'; the maximum angle between
RY¢ and the channel axis indicates the degree of confine-
ment and is used to correct the estimation of the diffusion

coefficient. The expression for the diffusion coefficient
now reads:
D¢ — Dy ¢ Dy (RS)”
SV ~ (14 2cos(Omax)) T 2 3N o2 Pe”,
(20)

where R¢ is the end-to-end distance under confinement
and sin(0pnaz) = ho/RS = 2R/RS. We highlight the
addition, with respect to Eq. (16), of a factor 27 to in-
clude the contribution caused by the axial symmetry. We
remark that RS and 7€ are estimated from simulation
data (see Sec. IIB). We report a detailed derivation of
Eq. (20) in the Supplementary Material.

III. RESULTS

We first report the scaling properties of the end-to-end
vector and discuss a deviation of the numerical results
with respect to the passive universal scaling under con-
finement. We further investigate the position of the poly-
mer inside the channel and its orientation with respect to
the channel axis. Then we report on the dynamics of the
active filaments, discussing the scaling of the correlation
times. Finally, we apply the theoretical mapping, intro-
duced in Sec. II C and compare the predictions against
the numerical data. For most observables, we report ad-
ditional data in the Supplemental Material. In what fol-
lows, we will indicate quantities with a superscript C' and
B for confinement and bulk, respectively; quantities that
refer to the passive limit will be also tagged with a p and
we will omit the equivalent tag “a” in the active case, for
the sake of simplicity.

A. Scaling properties of the end-to-end distance

First, we report on the scaling properties of the
end-to-end distance RS for active polymers under
confinement. RS provides a measure of the polymer
extension, taken to be representative of the polymer
size under cylindrical confinement. Indeed, passive
polymer filaments under uniaxial confinement become
more aspherical, as the channel restricts the available
space in the plane transverse to its axis. We thus focus
on characterising its scaling properties, i.e. how R¢
grows upon increasing the number of monomers N.
For confinement lengths smaller than (or comparable
to) the extension of the polymer [65], the scaling of
RS for passive, flexible polymers under confinement is
characterised by the de Gennes regime. For tangentially



active polymers, the scaling in the bulk of R” does
not follow the same power-law as in passive systems: a
coil-to-globule-like transition appears upon increasing
the activity [39, 41, 44, 46]. This implies a decrease of
the value of vZ(Pe), as compared to the passive value.
We should thus expect an interplay between the two
opposite trends imposed by activity and confinement.
We first discuss, in Fig. 2, the dependence of RS on N

| ®R=180 M
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FIG. 2. End-to-end distance under confinement RS /o as a
function of N at fixed (a) R = 60, (b) R = 180. In both
panels we consider the low activity Pe =0.03 (circles) and high
activity Pe = 10 (squares) cases. The full lines is the passive
end-to-end distance under confinement RS, computed via
the master curve reported in [68]; dashed lines highlight the
power law trends in the data.

for tangentially active linear chains under confinement
in two limiting cases of weak (Pe <« 1) and strong
(Pe > 1) activity: specifically, we consider Pe =0.03
and Pe =10 under strong (R = 60, Fig. 2a) and weak
(R = 180, Fig. 2b) confinement conditions. We also
report the measured exponents for all the values of R
and Pe simulated in the Supplemental Material. We
remark that the “strong” or “weak” confinement is not
only a feature of the channel, but it is rather given by
the ratio between R and the polymer size in the bulk
(e.g. RB). We fix R here and vary N, as it is instructive
to understand how activity modifies the onset of the
strong confinement regime. Further, R = 6o represents
a strong confinement for most of the polymer lengths
considered in this work, while R = 18¢ is so only for the
largest values of N considered; as such they help focusing
on the two different scenarios. Alongside the numerical
data, we report the passive end-to-end distance under
confinement, RSP, computed using the formula reported
in [68], as a full line. We further highlight the relevant
power law trends in the figure with black dotted lines.

We first discuss the strongest confinement R = 60
(Fig. 2a). For weakly active (Pe =0.03) and short
chains, R is not affected by activity and follows RSP.
Upon increasing N, the two curves display different
power law behaviours: RSP o N, following the De
Gennes blob scaling, while RS grows with a smaller

exponent, v ~ 0.68; however, notice that v¢ is larger
than the exponent for active polymers in the bulk
vB(Pe=0.03) ~ 0.56. We mostly disregard, in this
case, the first power law regime due to its limited
range; however, notice that RS deviates from its passive
counterpart approximately when the strong confinement
regime begins (N ~ 75). This is interesting as, for
such low values of Pe, tangentially active chains in bulk
maintain a coil-like conformation up to N ~ 150 — 200
monomers [39], while the confinement considered here
affects the conformation already for N a~ 50 monomers.
This is a first example of the interplay between activity
and confinement, that deeply influences both the confor-
mation and the dynamics of the active polymers. At high
activity values Pe = 10, we observe that the effect of the
activity dominates: RS becomes significantly smaller
than RSP, even for short chains. Upon closer inspection,
one finds the emergence of two power law regimes, with
exponents v{ and v§ that have quite distinct values
(see Table 1 in the Supplemental Material). At high
activity, the tangential forces induce compaction: so,
confinement becomes less severe, for the same degree of
polymerisation N. In other words, the same channel is
effectively larger for polymers at higher activity. Surpris-
ingly, we find that the first exponent v is smaller than
the bulk exponent vZ(Pe = 10) ~ 0.51. Confinement
thus seems to enhance compaction for short, highly
active polymers. We may speculate that, under tight
confinement conditions, short active chains fold and
collapse even more than in bulk due to the presence of
hard walls with a rather pronounced curvature. On the
other hand, the exponent v is found to be compatible
with vB.
Upon increasing the value of the channel radius R
(Fig. 2b), we look again first at the low activity case.
We observe that, for Pe = 0.03, the numerical data
follow again the passive curve. Notice that, in this
case, RC deviates from its passive counterpart a bit
earlier (i.e. around N ~ 100 — 150) with respect to the
onset of the strong confinement regime (N =~ 300). The
polymer conformation, for such large values of N at
Pe = 0.03, are already affected by the activity. At high
enough values of N, the two curves display different
trends: for passive chains we observe again the onset
of the strong confinement RSP oc N while confined
active chains display a power law with a exponent 1§,
whose value is, as in the R = 60 case, close to the one
measured for v{. Only at large values of R and Pe
we recover v = vB(Pe). Interestingly, the measured
value of v§ is consistently smaller than vZ(Pe) (see
Supplemental Material Table 1), that suggests again
that the confinement induces even further compaction.
So, in all cases, we can ascribe the behaviour reported
to the interplay between activity and confinement:
the effects of confinement become dominant over the
effects of activity for Pe < 1, vice-versa for Pe > 1, at
least within a non-negligible window of polymer sizes.
Notably, for Pe > 1, confinement seems to enhance the



globule-like character of the tangential propulsion.
We get more insight by studying RL, i.e. the compo-
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FIG. 3. R} /R as a function of N for active polymer chains
for R =60 (red circles), 130 (blue squares) and 180 (green
triangles), and (a) Pe = 0.03, (b) Pe = 10. Discontinuous
lines represents the maximum value for RS given by R — o.

nent of RS perpendicular to the channel axis, reported
in Fig. 3 as a function of N for various values of R. We
observe that, at low activity, R reaches a saturation
value at different values of IV; for example, under very
strong confinement where R} is practically constant
for all values of N considered. Instead, for R = 180,
saturation is reached around N a200. Further, at fixed
R and high activity, said value is generally reached at
larger values of IV: for example, for R = 60, we observe
a saturation at N ~200, curiously the same value found
before. Instead we do not yet observe a plateau for
R = 180. We can thus bring forward an alternative
interpretation of the transitions to different regimes in
Fig. 2: as the transversal size of the polymers becomes
comparable with the channel radius, the active chains
can only increase in size in the direction parallel to the
channel axis. In practice, if the transverse size is, within
the range of values of IV considered, always at saturation,
than only one regime will be observed. Extending the
correspondence to Pe > 1 and large values of R, the
fact that R is not reaching saturation suggests that
we are observing a transient regime, enhanced by the
presence of the activity. The true strong confinement
regime will occur at even higher values of N than the
ones considered in this work.

It is also interesting to recast the same data in a dif-
ferent fashion. Indeed, passive flexible polymers display
a universal scaling of RS*? under confinement [66, 72]: in
particular, the ratio of the magnitude of the end-to-end
vector under confinement over its bulk counterpart
RSP /RBP is a universal function of R/REP. It is thus
compelling to assess if such scaling holds for active
polymers, where RE = RB(N,Pe) is given again by
Eq. (17). We report the result in Fig. 4, where we
plot RY/RE as a function of R/RZ for Pe = 0.03,10

1.3 —— ‘ ‘
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FIG. 4. End-to-end distance RS of tangentially active poly-
mers under confinement, scaled over the bulk value RE at the
same Pe as a function of R/RE at fixed values of Pe =0.03
(panel a) and Pe =10 (panel b), for different confinement con-
ditions, R =6 (red circles), 13 (blue squares) and 18 (green
triangles). The black line refers to the master curve, valid for
passive polymers (see SI of Ref. [68] for its functional form).

and different values of R. We observe that, in some
regimes of confinement and activity, sufficiently small
active polymers behave as their passive counterpart
(black line). In contrast, at low confinement or at
very high activity, the rescaled data do not follow the
passive master curve. Further, long enough polymers
deviate from the scaling for any value of Pe or R. More
importantly, given this rescaling, the reported data do
not collapse on a single universal curve.

The universal behaviour of passive flexible polymers
under confinement follows the de Gennes blob picture.
The characteristic length scale of the blob is either the
thermal one or it is set by the confinement; the interplay
between the two determines the master curve [65, 66, 72].
As reported for another active polymer model under con-
finement [60], a straightforward conclusion is the failure
of a blob description, i.e. it is not possible to uniquely
define a correlation blob, as other relevant length scales
arise. This further hints at the fact that the polymer
self-similarity is broken at some non-trivial scale; while
the model is different, the effect reported here is similar
to what was observed for Active Brownian Polymers [60].

B. Radial and angular distributions

We further characterize the polymer conformations by
looking at the position and orientations of the chains in-
side the channel. Specifically, we look at the distribution
of the centre of mass within the channel and at the dis-
tribution of the angle between the end-to-end vector and
the channel axis (see Sec. II B).

Concerning the former observable, we focus on four
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FIG. 5. Distribution of the position of the centre of mass of
the polymers as a function of the radial distance from the
channel centre for different values of N and (a): R = 6o
Pe =0.03 (b): R = 180 Pe = 0.03 (c): R = 60 Pe = 10 and
(d): R =180, Pe = 10.

specific cases. In Fig. 5 we report the distribution of the
centre of mass positions as a function of the distance
from the channel axis, measured in steady state, upon
varying N, Pe, and R. In all plots, the channel walls are
at r = R. We observe that, under strong confinement
conditions and weak activity (panel a), the centre
of mass of the polymers does not accumulate at the
boundary. Large polymers occupy the whole channel, as
already pointed out, and the centre of mass is located
near the centre of the channel. However, no excess
probability at the boundary is found for small polymers.
Looking at the probability distribution of the individual
monomers, that we report in the Supplemental Ma-
terial, one still does not find strong evidence for wall
accumulation. Upon increasing R or Pe (panels b-d)
the wall accumulation partially reappears. In general,
the fact that, upon increasing N, polymers grow in the
transverse direction (see Fig. 3), until their transversal
size reaches the channel width, forces the centre of mass
to be located in the middle of the channel even for Pe >
1 and in mild confinement. This effect makes flexible
active filaments stand out in comparison with active
colloids. Indeed, active polymers do not accumulate at
the channel boundary as long as the size of the channel
R is not much larger than the polymer size, in which
case the filament can be reasonably approximated by an
effective soft colloid.

Further, as anticipated in Sec. IIC, in order to ratio-
nalise the transport properties of tangentially propelled
polymers under confinement, we will approximate the
polymer as a rigid rod and assume that its orientations
is limited. We double check that such approximation
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FIG. 6. Distribution of the angles between the instantaneous
end-to-end vector and the channel axis for different values of
N and (a): R = 60 Pe = 0.03 (b): R = 60 Pe = 10 (c):
R =180, Pe = 0.03 (d) R = 180, Pe = 10

is meaningful, assessing how the polymers are oriented
with respect to the channel axis (see Sec. II B). In Fig. 6,
we report the distribution of the angles between the
end-to-end vector and the axis of the channel, measured
in steady state; the panels (a)-(d) refer to the same
cases discussed above. We remark that, if 6 = 0 or
0 = m, the end-to-end vector lies parallel to the channel
axis; conversely, if § = 7/2, the the end-to-end vector
is perpendicular to it. We observe that, in all four
cases, if the polymer size is small with respect to R,
the distribution is rather flat; this is expected, as the
polymer is not constrained, in this instance, to assume
any particular orientation by the confinement. On the
contrary, large polymers do preferentially align with
the channel axis ( = 0, 7); the effect is relevant under
strong confinement or weak activity conditions. We can
thus conclude that the orientations of the polymer are
limited only for large values of N and strong confinement
conditions, i.e when RZ(N) ~ R. The condition is in-
deed captured by the definition of 0,4, given in Sec. IT C.

C. Scaling of the correlation time

We further report the correlation time of the chains;
this is, as in Refs. [39, 42, 44], the characteristic time of
the self-propulsion force and the characteristic time of
the active contribution to the diffusion coefficient (see

Sec. I1C).

Interestingly, Fig. 7 shows that the adimensional cor-
relation time 7€ Dg/0? can be collapsed onto a master
curve when plotted as a function of N/Pe. However,
with respect to the bulk scaling (dashed line), data un-
der confinement have the same scaling but a different
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FIG. 7. End-to-end vector correlation time under confine-
ment 7C Do/c? as a function of N/Pe for different values
of Pe =0.03 (circle), 0.05 (diamont), 0.1 (triangle), 10 (in-
verted triangle) and confinement R =60 (red), 130 (blue),
180 (green). Dashed line represents the Bulk (78 = 0.5)
and the continuous line represents the linear fit to these data
(7§ = 0.25).

prefactor. Indeed, given

N

C 2
7. Do/o” = TOP—e,

(21)
we obtain 7’ ~ 0.25 under confinement, smaller than the
bulk value 7 ~ 0.5. We can recast Eq. (21) in terms
of the self-propulsion velocity of the polymer, v, = F, /v
and of the contour length L = No, as
L
Te = Tog—. 22

e 0 Ve ( )
This relation shows that, even under confinement, the
polymer is still driven by a “railway motion”, as named
in the literature [38, 44]. The influence of the confinement
on the correlation time amounts, thus, to a decrease of
the decorrelation time.

D. Diffusion coefficient predictions via the ABP
mapping

In this section, we present results on the transport
properties, namely the diffusion coefficient along the
channel axis, of active polymers under cylindrical con-
finement. We will compare the results of the numerical
simulations with the predictions of the two models pro-
posed in Sec. IIC Eq. (19) and Eq. (20).

We report the comparison in Fig. 8. Again, we fo-
cus on two extreme cases of strong confinement R = 6o
(panel a) and weak confinement (panel b). The compar-
ison with the theoretical approximations Eq. (19) shows

I
N

FIG. 8. Long time diffusion coefficient as a function of N for
different values of Pe = 0.03 (blue triangles), 0.05 (green cir-
cles), 10 (red squares) and (a) R = 60 (b) R = 180. The
symbols refer to simulation data, lines are the theoretical
predictions, dashed lines referring to Eq. (19), full lines to
Eq. (20).

that, under strong confinement, the diffusion coefficient
can be enhanced by roughly a factor of 10. We can start
rationalizing the result by putting together what we dis-
covered so far. Under confinement, the polymer may
experience an elongation with respect to the bulk active
case (see Sec. IIT A): in those cases, we should expect an
increase of the diffusion coefficient, given by an increase
of the force on the centre of mass (see Eq. (12)). Further,
for sufficiently large values of IV, the polymer also pref-
erentially align with the channel axis, as shown in Fig. 6
and the most notable discrepancies with respect to the



bulk data appear when the distribution of the angle 6
is not uniform. The geometrical correction, introduced
in Sec. II C, recapitulates this feature; using it, the pre-
dicted diffusion coefficient Eq. (20) nicely agrees with the
simulation data. On the other hand, when the confine-
ment is weak, the bulk prediction remains in good agree-
ment with the numerical data at least within the values
of N considered, see Fig. 8b. Notice that, for small val-
ues of N and Pe <« 1, there is a discrepancy between
the simulation data and the bulk prediction. This hap-
pens because, in these conditions, RS becomes smaller
than RZ. This happens also in passive polymers and
the discrepancy can be appreciated in Fig. 4. Since for
small chains there is no alignment effect and no differ-
ence in the correlation time with respect to the bulk, the
difference stems from the fact that, for short chains at
low activity, RS < RZ. Notice also that the discrepancy
with the bulk prediction also hints at the fact that the
diffusion now increases as a function of N. Further, we
may also observe that some of the characteristic features
of these active polymers are maintained in confinement
as well. Indeed, we report the data in the same fashion
as in Ref. [39] in the Supplemental Material. One can
appreciate that D¢ /Dy (Dy being the diffusion coeffi-
cient of a single monomer) increases upon increasing Pe
and, for large values of Pe and weak confinement condi-
tions, the diffusion coefficient is roughly independent on
N. However, as already mentioned, the diffusion coeffi-
cient increases with IV under strong confinement.

IV. CONCLUSIONS

We report on the conformation and dynamics of tan-
gentially active polymers under cylindrical confinement.
Concerning the former, the data highlight the interplay
between confinement and self-propulsion: the first in-
duces elongated conformations, the second tends to drive
the polymer collapse, as observed in bulk. It is impor-
tant to stress that the same channel can stand as a mild
or strong confinement, depending on the polymer’s de-
gree of polymerisation or, in general, on its size. The
complex interplay makes non trivial power law regimes
emerge at different values of the activity and at different
confinement conditions. Further, we show that the uni-
versal rescaling, valid for passive polymers under cylin-
drical confinement, breaks for the active polymers consid-
ered here. Following the same argument brought forward
by recent literature on active polymers [60], we conclude
that the blob picture is broken also for tangentially ac-
tive polymers: the channel radius cannot be taken as the

fundamental length scale of the system.

We further show that the tendency of active polymers
to accumulate at the boundary of the channel is qualita-
tively different from the colloidal case. In part, if suffi-
ciently long, the polymers tend to expand in the trans-
verse direction and “fill up” the channel (see Fig. 3);
however, notably, even for short polymers at high Pe the
probability to find the centre of mass at the boundary is
only slightly larger than in the bulk of the channel. This
may be a feature that makes soft, deformable active fil-
aments stand apart from active colloids. It is intriguing
to notice that the accumulation has been observed for
many elongated swimmers, such as sperms. As such it
would be interesting, from a biophysical perspective, to
assess more in detail what are the minimal requirements
for wall aggregation, in terms of aspect ratio and filament
flexibility, having focused here to relatively large aspect
ratios (N >40). Wall aggregation is indeed argued to be
important for early stage biofilm formation [73].

Finally, from the perspective of the dynamics, we show
that there is a significant deviation from the bulk, for
what concerns the correlation times and the diffusion co-
efficient, at large values of Pe and strong confinement
conditions. For the latter, we propose a correction, based
on a geometrical argument. The correction is, in princi-
ple, valid for rigid rods, which is not the case for the
polymers under investigation. However, as the total ac-
tive force is almost parallel to R., approximating the
polymer as its end-to-end vector captures the physics of
the system well. Indeed, such a correction yields a good
comparison against the simulation results, without any
fitting parameter.

The study of active polymers under confinement may be
relevant to better understand and, eventually, mimic, the
behaviour of filamentous living organisms Indeed, many
of them. live under strong confinement conditions; un-
derstanding how they behave may be important to cre-
ate bio-mimetic soft robots able to burrow and perform
tasks, as worms do [74].
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1. ANGULAR CORRECTION TO THE DIFFUSION COEFFICIENT

We start from the overdamped Langevin equation of motion, projected on the longitudinal direction of the channel
(x-axis)

dr

S E= i+ V/2DiE g, (1)

where Z is the unit vector along the x axis and 7 is the unit vector in the direction of the self-propulsion. We integrate
Eq. (1) and we obtain

t t
Ar -3 = v, / (') -z dt' + /2D, / E(t) - & dt’, (2)
0 0
then, forgetting cross-correlation terms and averaging over the ensemble, we get
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The latter term yields the usual contribution 2D;. We further approximate the correlation term (cos[6(¢')] - cos[0(¢"")])
as
1+ 2 cosO,,0z

{cos[O(t")] - cos[A(t")]) ~ g P [

W”qx@wmuﬂwaﬂwx (5)

T

where sin 0,4, = ho/|Rc|. Putting the result Eq. (5) into Eq. (4) we obtain

142 cosbman Ug 419D
— 5 ¢

(ar-)?) = | =R b

t=2D,t (6)

We further correct Eq. (6) by adding a factor 2, in order to include the contribution caused by the axial symmetry.
We thus obtain

Tk (7)

D, = D; 4 [1 42 cos(Omax)] 3



We remark that when the channel radius, kg is much larger than the end-to-end distance, |R.| we have 0,4, = 7/2
and the angular correction in the last expression reads

142 cosOpman 1
i.e., the diffusion along a specific axis is 1/3 of the overall diffusion. At variance, when R, > ho we have 0,4, — 0
and hence the angular correction reads

1+ 2 cosO,,0z

. ~1. 9)

2. SCALING OF THE END-TO-END DISTANCE

In this section, we report further information concerning the scaling of the end-to-end vector. In particular, we
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Figure 1. Bulk end-to-end distance as a function of N/Pe for different values of Pe.

report, in Fig. 1, the scaling of RZ in the bulk. Indeed, as happens for passive polymers, the scaling pre-factors are
not universal and should be computed upon changing the model. We show, in Fig. 1, that a functional form for RZ of
the same kind as the one adopted in Ref. [1], with slightly different coefficients, reproduced the numerical data very
well, at least for the value of Pe considered.

Next, we report complementary data for RS as a function of N under confinement in Fig. 2. In particular, we report
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Figure 2. (a)-(b): End-to-end distance RS /o as a function of N at fixed (a) Pe = 0.05 and (b) Pe = 0.1 for different values of
R. (c)-(d): End-to-end distance RS, scaled over the bulk value RZ at the same Pe as a function of R/RZ at fixed values of (c)
Pe =0.05 and (d) Pe =0.1, for different confinement conditions.

the data for different values of R at fixed Pe = 0.05 (panel a) and Pe = 0.1 (panel b). We can observe the same



behaviour reported for Pe = 0.03 in the main text. Further, we report R /RZ as function of R/RZ for the same data

in Fig. 2c,d. We observe also here that the data do not follow the universal scaling curve, valid for passive polymers;

further, they do not collapse on a single master curve, as also reported in the main text for different values of Pe.
We report, in Fig. 3, R}, i.e. the component of RS perpendicular to the channel axis, as a function of N for

e

167

@  aAAA AB® L aA A
14+ A | r''y
- A | A
[ N | [ | [ | |
:?107 .- [ | | .-..
< f 4
6, 4
,Gmm 000 ocemoce o
0 500 0 500
N

Figure 3. RZ as a function of N for active polymer chains for different values of R and (a) Pe = 0.05, (b) Pe = 0.1

different values of Pe and R. We observe that, at low activity, R reaches a saturation value at different values of N
(]\7 ~2200) Such a saturation value is typically comparable with the channel radius R — o (accounting for the excluded
volume). At high activity, saturation also is reached at larger values of N: even at the tightest confinement, we
observe a saturation at N ~200. As mentioned in the main text, this suggests that what we report, for large values
of N, is a transient regime and not the strong confinement regime. We further report, in the table Tab. I, all the

Pe |R 141 17 R 1% 1%] R %41 1]

0.03

6 0.7056 0.6753

13 0.4716 0.5916

18 0.4983 0.4724

0.05

6 0.652 0.6733

13 0.4663 0.5578

18 0.4986 0.4669

0.1

6 0.6131 0.6437

13 0.4461 0.5060

18 0.4893 0.4157

10

6 0.4099 0.5133

13 0.4887 0.3733

18 0.5029 0.3847

Table 1. Measured exponents v; and va, characterising the power law behaviour of R. as a function of N for tangentially active
linear polymers at different values of Pe and R.

different exponents v{ and v§’, measured at different activity and confinement conditions. As reported, we notice a
correspondence between the saturation of R and the measured exponents. For example, at low activity and tight
confinement R has a constant value for all N considered; indeed, taking N = 200 for simplicity, the two exponents
are compatible, which suggests that there is a single power law. For all other cases, the two power law exponents are
considerably different. We remark that, for the sake of simplicity and because of the relative sparsity of our data, we
have computed these exponents by limiting the power-law fit to N < 200 for v{ and for N > 200 for v§.

3. RADIAL AND ANGULAR DISTRIBUTIONS

A. Radial distributions of the centre of mass

We report here additional data on the probability of finding the centre of mass of the polymer at a certain r, the
radial coordinate of the channel. The longitudinal axis, at the centre of the channel, is taken as r =0.

We report the data in Fig. 4. As in the main text we observe that, in strong confinement conditions or at weak
activity, the accumulation at the boundary of the channel is reduced, as compared to Active Brownian Particles.
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Figure 4. Distribution of the position of the centre of mass of the polymers as a function of the radial distance from the channel
centre for different values of N and (a): R =130 Pe = 0.03 (b): R =130 Pe =10 (¢): R =60, Pe =0.1 (d) R = 180, Pe = 0.1.

B. Radial distributions of the monomers

We discuss here the probability of finding a monomer at a certain distance r from the channel axis.
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Figure 5. Distribution of the position of the monomers as a function of the radial distance from the channel centre for different
values of N and (a): R =60 Pe =0.03 (b): R =60 Pe =10 (c): R = 180, Pe =0.03 (d) R = 180, Pe = 10.

We report the data in Fig. 5. This is a complementary, more microscopic measure with respect to the radial
distribution of the centre of mass. Interestingly, we can observe that also monomers do not accumulate at the
boundary in the weak activity or strong confinement cases. Instead, there is a slight tendency to accumulate in the
weak confinement, strong activity limit.

C. Distribution of the relative orientations

We report here additional data on the distribution of the orientation of the end-to-end vector with respect to the
channel axis. We report the data in Fig. 6. As also reported in the main text, we observe that alignment becomes



Figure 6. Distribution of the angles between the instantaneous end-to-end vector and the channel axis for different values of
N and (a): R =130 Pe =0.03 (b): R =130 Pe =10 (¢): R =60, Pe=0.1 (d) R =180, Pe =0.1.

important under strong confinement conditions. At intermediate confinement, the longest polymers will tend to align
if Pe is small.

D. Reorientational time of polymers under confinement

Here we report the values of the reorientational time presented in Figure 7 as a function of the polymer length for
different values of the Peclet number.
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Figure 7. End-to-end vector correlation time under confinement 7 Dg/0? as a function of N for different values of Pe=0.03
(circle), 0.05 (diamont), 0.1 (triangle), 10 (inverted triangle) and confinement R =6 (red), 13 (blue), 18 (green).

4. DIFFUSION COEFFICIENT FOR ACTIVE POLYMERS UNDER CYLINDRICAL CONFINEMENT.

We report the same data, reported in Fig.8 of the main text, plus additional data at different values of Pe (Pe =
0.05,0.1) in a different fashion, to compare with the data reported in the literature in the bulk case [1]. Indeed, in
Fig. 8 we report the Long time diffusion coefficient D¢, normalized by the diffusion coefficient of a single monomer
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Figure 8. Long time diffusion coefficient DS /Do as a function of Pe for different values of polymer length (N =40, squares;
100, circles; and 400, triangles) under different confinement conditions (R=6, blue; 10, red; 13, green; and 18, orange).

Dy as a function of Pe. In this way, we can observe that some of the characteristic features of these active polymers
are maintained in confinement as well. Indeed, DS /Dy increases upon increasing Pe and, for large values of Pe and
weak confinement conditions, the diffusion coefficient is roughly independent on N. However, the diffusion coefficient
is observed to increase, upon increasing N under strong confinement. This could be observed in the main text, as the
data strongly deviate from the bulk (N-independent) trend.

[1] V. Bianco, E. Locatelli, and P. Malgaretti, “Globulelike conformation and enhanced diffusion of active polymers,” Physical
Review Letters, vol. 121, no. 21, p. 217802, 2018.



