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ABSTRACT

We explore the complex formation of an active flexible polymer chain in linear shear flow by using monomer-resolved Brownian dynamics
simulations in two spatial dimensions. The chiral head monomer is active and circling, while all other monomers are passive, following both
the motion of the head polymer and the shear flow. By the combination of activity, chirality, and shear rate, a wealth of different states are
found, including the formation of a linear/complex folding and a spiraling state with both head-in and head-out morphologies. As the vorticity
of the applied shear competes with the circling sense of the head, the chirality of the whole complex can be tuned by activity. Our results are
relevant to characterize the response of living and artificial chiral active polymer chains to complex flow fields.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0268723

I. INTRODUCTION

In contrast to their passive counterparts, active polymersIJ
convert energy taken from the environment into directed motion."’
Among typical examples are living worms,’ '’ filaments,'' " arti-
ficial chains of granular'* or colloidal particles,” *' and flexible
robots.”” The behavior of active polymers has grown into a mod-
ern interdisciplinary research field nested between chemical physics,
soft matter science, and biology. In this sense, synthetic active par-
ticles have also been designed in several ways to serve as artificial
monomers. Phoretic effects due to the local gradients of, e.g., (i)
electric, (ii) concentration, and (iii) temperature fields are used to
activate these particles.”””*

Chains of active particles can serve as models for the integrated
part of biological systems, e.g., bacterial swarms propelled by flag-
ella. In these studies, activity is observed to play a crucial role in
the formation of stable rotating spiral coils, as well as in controlling
their folding and unfolding processes.”” Other interesting new phe-
nomena are activity-induced chain swelling”*”’ and collapsing,"**°
as well as the spontaneous formation of spirals*® and a change of the
scaling exponents relative to passive polymers.”” Moreover, although
the influence of activity on stiff polymers is severe, it induces a
transition from semiflexible-polymer behavior to flexible-polymer
behavior with increasing activity.*

When passive polymers are exposed to shear flow, they start
to tumble, and the sense of the rotation of the whole chain is gov-
erned by the vorticity direction of the imposed shear field. The
underlying physics is by now well understood.”’ ° The behavior
of sheared active polymer chains is more intricate and has been
addressed only recently by theory and simulation.”” *’ Novel prop-
erties of the polymer conformations induced by a combination of
activity and shear have been reported, including significant devia-
tions from passive scaling laws. The combination of fluid-flow and
active forces gives rise to fascinating phenomena in the swimming
route of micro-organisms, such as upstream swimming'"** and vor-
ticity migration.”’ In addition, activity induces significant alterations
in viscosity under shear flow, as observed in bacterial systems*!
and colloidal suspensions.”” This characteristic makes active poly-
mers, or polymer-like structures, intriguing candidates as rheology
modifiers in natural or industrial " applications.

Here, we introduce the concept of chirality to a sheared active
polymer. Instead of being self-propelled linearly, leading to straight
motion, active particles can also spin and circle.”* "’ There are two
ways to connect chirality to active matter:*' either a single particle is
already chiral, such that chirality is observed for the trajectories of
individual particles,””* or collections of non-chiral particles spon-
taneously self-organize into chiral structures.”*”" " In the first case,
chirality is imposed; in the latter, it is spontaneously emerging.
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In this paper, we consider a single active polymer in shear flow
that has an imposed chiral head monomer such that this monomer
is moving in a circle.”” The rest of the polymer chain is pas-
sive, following the moving head but exposed to the shear flow.
Therefore, there is a combination and competition of activity, chi-
rality, and shear flow. Using monomer-resolved Brownian dynamics
computer simulations in two dimensions, we explore the complex
formation of such a flexible polymer chain and its rheological prop-
erties. We find a plethora of different conformations, including
linear stretched complexes and spiraling states. The head monomer
is either engulfed by the rest of the chain or rotating around the other
monomers. As the vorticity of the applied shear competes with the
circling sense of the head, the chirality of the whole complex can be
tuned both by activity and the shear rate. Our results can be veri-
fied on artificial model granular or colloidal chiral chains exposed to
shear and are of importance in characterizing the response of living
chiral active polymers to complex flow fields. This paper is organized
as follows: Sec. I provides a description of our model. Results are
presented in Sec. I1I and conclusions are drawn in Sec. I'V.

Il. METHODS

We study an active polymer chain with a chiral head under
linear shear flow, as schematically illustrated in Fig. 1, with blue
arrows indicating the flow gradient in the y-direction. In Sec. IT A,
we explain the model employed to simulate this system, followed
by a description of the simulation parameters utilized in the system
simulation in Sec. IT B.

A. Model

We use Brownian dynamics to model a linear polymer chain,
described as a sequence of N, coarse-grained spring beads in two
spatial dimensions. We label each monomer by an integer index
i, where the active head monomer has i=1 and all other pas-
sive monomers are indexed with i =2,3,...,Np. In the presence
of a steady shear rate y, the translational motion of the passive

FIG. 1. Schematic of an active bead-spring polymer with a chiral head (red
monomer) in the linear flow. The blue monomers are passive. The black arrow
on the head monomer represents the direction of the active force, and the green
arrow depicts the direction of head chirality. The flow is imposed along the x-axis,
and the gradient is in the y-direction, whose variation is shown by blue arrows.
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monomers (i# 1) in the overdamped limit (corresponding to
Brownian dynamics at zero temperature) is given by

1 .
Bi=—=Y ViUij+ jriyex (1)
r&
i

and the motion of the active head monomer is described by

. 1 .
I = _fz V1Uij + priyex + voep, (2)
=

where r; = (7ix, riy) denotes the position vector of the i-th
monomer, and I is the translational friction coefficient. The second
term on the right-hand side of the equations is the uniform linear
shear flow imposed in the x-direction with unit vector e, such that
the shear gradient is along the y-axis.

Since the chiral head monomer (i = 1) is active, it moves addi-
tionally with the constant active speed vy in the direction described
by the unit vector e, = (cos 8y, sin8y),"™”" which we refer to as
activity. Here, 0), denotes its orientational angle with the x-axis.
Then, its translational equation of motion can be written as Eq. (2).
The orientation of the head monomer is governed by the rotational
equation of motion,®

Bu(t) = -g-wc. 3)

Here, j/2 denotes the shear-induced rotation of a sphere (i.e., with
the term /2 we take into account the rotational motion of an
isolated particle subjected to a shear flow"'), and w. is a rotation
frequency internally or externally forced by a torque on the head
monomer. We refer to this frequency as the head chirality. This
frequency controls how fast the orientation of the head monomer
changes and, consequently, it can set the whole complex into over-
all rotation. It can be realized experimentally in various ways. For
instance, the head monomer can carry a dipole moment and be
brought into rotation either by a rotating magnetic field”** or by
circularly polarized light.*

The first term on the right-hand side of Egs. (1) and
(2) accounts for all the conservative forces acting on the
i-th monomer, including the excluded-volume and bond interac-
tions. The excluded-volume interactions between the monomers
are described by a smooth repulsive Weeks—Chandler-Andersen
(WCA) potential,®

Uwea(r) = 48[(:)12 - ((:)6] +¢e 1< 21/60, @

0, r> 2%,

Here, o is the diameter of the monomers, and ¢ is the interac-
tion strength. The spring connection of neighboring monomers
is introduced via a FENE (finitely extensible nonlinear elastic)
potential,l‘\"“’"

1 Tii 2
UFENE(T’) = —EKRé In [1 - (Ril(’)) ], (5)
where i and j are the neighboring beads with their distance being
rii = |ti — 1j|. The spring constant is K = 27¢/0”, while the maximum
allowed bond length is Ry = 1.50.
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B. Simulation parameters

In our simulations, we use ¢ and ¢ as our units of length and
energy, respectively, while we measure time in units of the character-
istic time 7o = ['0>/e. The number of monomers in the polymer is set
to N, = 20. The overdamped equations of motion, Egs. (1)-(3), have
been integrated with a small finite time step At = 10" %7y, assuming
periodic boundary conditions. The dimensions of the computational
box are chosen as Ly, L, = (800, 400).

The dimensionless activity is vo7o/0, which varies in the range
of [0.1, 100], while the dimensionless shear rate j1o is chosen in the
range of [0.01, 50]. In addition, positive values of both the dimen-
sionless shear rate and the external torque in Eq. (3) rotate the head
monomer clockwise, as shown in Fig. 1, but we also use negative
values of the dimensionless shear rate for the analyses in Sec. III C.
Even in the absence of noise, the system runs into a dynamic state
that does not depend on the initial conditions. It is this state that we
shall analyze in the sequel.

lll. RESULTS

Equipped with a chiral head, the active flexible polymer chain
exhibits various conformational states under shear flow. The shear
triggers the translational motion of the chain by similarly affecting
all the monomers. Thus, the polymer chain tends to move aligned
with the flow. Since the chiral head monomer is active, it circles due
to both shear torque and its head chirality. This section elucidates the
conformational states and the interplay between shear vorticity and
head chirality by also addressing the rheological properties. In Secs.
I1I A-III D, we analyze the system in the case of vanishing trans-
lational and rotational diffusion coefficients, while in Sec. 111 E, we
include thermal or environmental fluctuations.

A. Combined effect of head activity and shear rate
on the polymer conformation

We examine a flexible polymer chain that has an active head
with a constant clockwise chirality of w.7o = 2. While the chiral
head circles, all other passive monomers both (i) follow the head
monomer via the connecting polymer bonds and (ii) flow with the
shear. We identify two main regimes: folding and spiraling for the
shear-dominated and activity-dominated cases, respectively, which
are observable only when the head monomer is active. Here, the
activity leverages the chiral motion of the head, thereby control-
ling the polymer regimes under shear flow (see Fig. 2). Applicable to
all states, we observe a range of conformational diversity as activity
increases at the same shear rate.

Up to the intermediate values of vo/j0, we observe the shear-
dominated regime, in which the chain folds into two distinct forms:
linear folding and complex folding. In the linear folding regime, a
weak activity can only initiate a subtle clockwise rotation, and the
head monomer is subsequently entrained by the negative flow field
beneath the centerline, inducing movement of the chain along the
flow. This results in the folding of the chain (depicted by » in Fig. 2);
where the further rotation of the head monomer halts by the passive
tail (see S1.mp4 in the supplementary material).

As the activity increases, the swirling motion of the head
monomer becomes intense, exerting greater influence over the entire
chain. When the head folds the chain once, the rotation of the head
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FIG. 2. State diagram of the active polymer chain conformations as a function of
activity voro/o and shear rate j7, for w.7o = 2: linear folding (magenta), complex
folding (blue), head-in spiraling (green), and head-out spiraling (red). The confor-
mational diversity of the states is demonstrated underneath the diagram. Their
corresponding parameters are marked by black symbols in the state diagram.

is not blocked by the passive monomers it encounters along its
path. Instead, the head monomer pushes and rearranges the pas-
sive monomers around itself, leading to the formation of a complex
folding pattern (indicated by all w in Fig. 2); see S2.mp4 in the
supplementary material videos. Thus, the head monomer is sur-
rounded by the passive monomers, forming a cavity. However, the
shear flow compresses the chain conformation in the shear gradient
direction and stretches the cavity from its corners to align it along
the flow direction. This shear-induced conformation of an active
chain due to stretching/alignment in the flow direction and com-
pression in the gradient direction is similar to what was observed
previously in the case of all monomers being active.”

When activity dominates, the spiraling state of the chain is
enabled. At the beginning of activity dominance, the head con-
tinues its enclosed rotations within the cavity, akin to complex
folding. Differently, the chain activity overcomes the compression
and alignment effects of the shear flow on the chain conformation
and achieves a perfect circular form, referred to as head-in spiraling
(indicated by A in Fig. 2); see S3.mp4 in the supplementary material.
In this range, increasing the head activity widens the diameter of the
circling, creating a larger inner cavity.
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On the other hand, the size of the inner cavity is constrained by
the length of the polymer chain. When the head monomer rotates
with a diameter larger than the maximum diameter achievable by
the chain’s length, it escapes from the cavity and, in turn, encap-
sulates the passive monomers (see all « in Fig. 2). We denote this
motion of the chain as head-out spiraling; see also S4.mp4 in the
supplementary material. Generally, in both spiraling regimes (head-
in and head-out), the activity drives the encapsulation process, while
the shear flow instigates the rolling of the polymer chain as a bulk
along the flow direction. Appendix A also compares the effect of
the chain length on the appearance of these regimes on the state
diagram.

B. Dynamics of the gyration diameter

Conformational properties of the active polymer can be
conveniently characterized by the radius of gyration,

1 &
R; = NiZ: (ri - l‘cm)za (6)

m =1

where (r; — ro) is the position of the ith monomer in the polymer
center-of-mass reference frame, with re, = Zfi " r;. The mean square
radius of gyration is then R;. The overline denotes a time average.
Figure 3(a) shows the change in radius of gyration of four dif-
ferent conformational states over time, where the active polymer
chain undergoes either folding or spiraling in a cyclic fashion. In
the linear folding conformation, the mean radius of gyration fluctu-
ates around the size of the polymer chain. R; exceeds the chain size

35.0
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FIG. 3. (a) Square of the radius of gyration Rg as a function of reduced time
t/7o in the steady state: linear folding (vo7o/0 = 0.1, 7o = 0.1), complex folding
(voo/a =1, 70 = 0.1), head-in spiraling (vo7o/0 = 20, 7 = 0.1), and head-
out spiraling (vo7o/0 = 80, 7o = 0.1). (b) Fourier spectra of R;(t) (in arbitrary
units) as a function of reduced frequency f/y indicating the characteristic fre-
quency peaks related to the polymer state. The colors are used to match the states,
asin Fig. 2.
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due to the stretching of the chain during its linear extension, while
R; decreases below that during the subsequent linear folding. The

duration of these plateaus in R§ indicates the extent of chain
stretching: longer plateaus correspond to greater stretching by shear.

Comparing the linear and complex folding regimes, we observe
that the encapsulation of the head monomer produces a secondary
peak characterizing the head rotation within the cavity. For spiral-
ing regimes, the radius of gyration shows periodic oscillations while
being comparably smaller.

We plot the corresponding Fourier spectra ofRé(t) in Fig. 3(b).
In the folding states, the two primary peaks have different relative
weights (see the inset). For the spiraling states, the frequency of
the head swirling gets considerably higher due to dominant activity,
resulting in shifted swirling peaks in the spectrum to higher frequen-
cies. Particular to the head-out spiraling state, we observe a single
peak in the Fourier spectrum.

Figure 4(a) displays the mean radius of gyration ﬁ; with
increasing activity for several shear rates. A polymer chain in fold-
ing states exhibits a descending trend of Eﬁ as the activity increases.
This suggests that higher activity leads to more effective chain fold-
ing. Larger Eﬁ under higher shear flows is observed for the chains
with the same activity due to the further stretching effect of shear.
At the transition to the head-in spiraling state, if, evolves into an
ascending trend. This transition occurs at lower activities at low
shear, as it becomes easier for the activity to dominate. Within the
activity range of the head-in spiraling, the mean radius of gyration
keeps increasing due to the expansion of the cavity, as observed in
the state diagram (Fig. 2). In the head-out spiraling state, vo7o/c
> 30, the mean radius of gyration becomes independent of the shear
rate, and the chain conformation depends only on activity. Initially,
iﬁ seems to decrease smoothly due to the unstable conformations
at the beginning of the state (the smallest « in Fig. 2), in which
the head monomer intermittently attempts to leave the encapsu-
lated monomers. This results in a larger mean radius of gyration
than the fully wrapped conformation occurring at slightly larger
activities. The stabilization of the head-out state occurs at activities
voTo/0o ~ 60, where the minimum ﬁ; is reached. Subsequently, as the
size of the encapsulated passive monomers decreases with activity
(as illustrated by « symbols in Fig. 2), ﬁ; starts increasing.

Figure 4(b) shows the frequency of the highest amplitude peak
at the Fourier spectra, i.e., the highest frequency peak f;, normalized
by the corresponding shear rates j, plotted as a function of activ-
ity. The folding frequency is lower than that of spiraling states and
increases slightly as activity increases. Later, the transition to the
head-in spiraling state is identified by a frequency jump. Thereafter,
the characteristic frequency of the head-in spiraling state remains
constant with activity. However, this plateau occurs at higher fre-
quencies for lower shear rates. This again highlights the dominance
of the activity, which further increases the head swirling frequency
within the cavity when the shear is weaker. For j = 1, the head-in
spiraling state is absent (see Fig. 2); we lose the first jump in the nor-
malized frequencies. Similarly, the transition to the head-out state is
identified by the second jump to a constant characteristic frequency,
which remains unaffected by activity. The data shown in Figs. 4(a)
and 4(b) provide evidence to characterize regime transitions. In
addition, they demonstrate how the size of the conformation and
the folding/spiraling frequencies are tuned by (i) the activity of the
chain and (ii) the imposed shear flow. Similar to the active polymer
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FIG. 4. (a) Normalized mean-square radius of gyration R3/R%,, where R%; is the
mean-square radius of gyration of the polymer at vo7o/0 = 0 and jzo = 0, and
(b) the normalized characteristic frequency f; obtained from the Fourier spectra of
Ré-time data as a function of activity vo7o /o for 7o = 0.01, 0.1, and 1. The sym-
bols denote the state of the active polymer chain at the corresponding states: linear
folding (magenta), complex folding (blue), head-in spiraling (green), and head-out
spiraling (red).

. . 13,68 :
chain composed solely of active monomers, *** we note a consistent

trend in R; with increasing activity vo7o/o < 30. However, beyond
this activity threshold, we observe that the combination of activity
and chirality of the head monomer reveals a distinct spiraling state
unique to active polymer chains with a chiral head.

C. Competition between shear rate and head chirality

In this section, we shift our focus to the competition between
two frequencies, the shear-induced eigen-rotation y/2 and the fre-
quency @, stemming from the head chirality, in determining the
final direction of both folding and spiraling conformations. In this
way, the response of the active polymer is better understood under
different operating conditions (for instance, different shear flow
directions or head monomer spin directions), which helps in the
experimental realization of this system in the future. To do that,
these frequencies (respectively, torques), which are tunable by exter-
nal forces in the system, are applied countercurrently. Figure 5 shows
the conformational state diagrams where both torques are clock-
wise in (a) and the opposite case (i.e., counterclockwise shear torque
vs clockwise chiral torque in (b).
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FIG. 5. (a) State diagram when both frequencies cause clockwise rotation of the
head monomer, j79/2 > 0 and w.7o > 0. (b) The state diagram when the shear
flow creates a counterclockwise shear torque on the monomer, j7o/2 < 0, while
the head chirality resists the clockwise rotation with w¢zo > 0. The colorcode rep-
resents different states: linear folding (magenta), complex folding (blue), head-in
spiraling (green), head-out spiraling (red), and partially developed states (black).
Symbols correspond to clockwise (+), counterclockwise (—), and hesitant (o)
rotations. The dotted black line denotes the neutralization of the countercurrent
torques on the head monomer for high activities.

In Fig. 5(a), the active polymer chain forms the conformational
states consistently in a clockwise direction, as previously observed
(see Fig. 2). While, in Fig. 5(b), we obtain a different state diagram
when the same active polymer with a clockwise head chirality is sim-
ulated under the shear reversed flow field [y < 0 used in Eqs.(1)-(3)],
resulting in counterclockwise shear torque. When activity domi-
nates, the head chirality prevails over the shear torque, allowing
the head-in and head-out spiraling states to persist mostly on the
state diagram. However, as the shear flow increases or the polymer
activity decreases, the shear torque resists the head chirality more,
destroying the complex folding state. Despite the head monomer’s
overall tendency to rotate the polymer chain clockwise, this com-
petition allows only partially developed polymer chain structures
(see S6.mp4 in the supplementary material). At a point, the head
monomer also loses a clockwise rotational tendency and reveals a
“hesitant” state. Around this hesitancy on the state diagram, the head
monomer keeps attempting to rotate the chain in a clockwise direc-
tion (+) in the activity dominant regions of the state diagram, while
in a counterclockwise (—) direction in the shear dominant regions.
However, the hesitant state arises due to the balanced effects of shear
and activity, wherein the polymer remains linear.

When the magnitudes of two countercurrent torques become
exactly equivalent, such that j70/2 = =2 and w.7o =2 in Eq. (3),
the active polymer chain remains always linear without any direc-
tional preference of the head monomer over the range of activities
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[see the dotted line in Fig. 5(b)]. Consequently, it only translates
with the shear flow. Below this torque neutralization line on the state
diagram, since shear prevails in the system, the shear torque y/2 sur-
passes the head chirality T.. As a result, either the shear-dominant
or hesitant states emerge in a counterclockwise direction. The effect
of different head chirality on the state diagram is further analyzed
with different w. values in Appendix B.

D. Viscosity of the polymer
The rheological response of the active polymer chain with a chi-

ral head is characterized by the shear viscosity, #, which is calculated
via shear stress according to

13« Uy
ny:*EZZ e

i=1 i>j

ijs 7
Orij iy

where rjjx and r; are the distances between the centers of two parti-
cles i and j in the direction of x and y, respectively, while Q = L, L, is
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the system area. The shear stress is nondimensionalized by consid-
ering the energy and length scales, ¢ and o, of the system. The shear
viscosity is then calculated as 1 = 0y /7.

Figure 6(a) displays the shear stress as a function of activity for
various shear flows, highlighting the contribution of different poly-
mer conformations to the shear stress. The two folding states of the
polymer chain demonstrate distinct contributions to the shear stress.
Chain folding increases the shear stress compared to the linear poly-
mer chain simply flowing under the shear flow.®” Here, the chain in
the linear folding state (» symbols) increases the shear stress until
crossing to a complex folding form (e symbols). Immediately after
this crossover, the chain reaches the maximum stress, allowing us to
discriminate the folding states.

Moreover, the shear stress contribution of the polymer chain
in the complex folding state tends to remain more constant with the
activity, especially in the case of the absent head-in spiraling regime
due to the balance between activity and shear (y7o = 1). When
the activity-induced forces on the chain surpass the shear forces,
the chain directly translates into the head-out spiraling, resulting in
a sharp decrease in shear stress. Conversely, when the head-in spi-
raling state is present, such as y7o = 0.01 and j7o = 0.1 on Fig. 6(a),
the shear stress initially decreases smoothly with increasing activ-
ity before the transition from folding to spiraling occurs. In both
cases, during this transition, the activity assists the polymer chain in
relaxing the stress, enabling it to flow with shear as a bulk unit. An
additional influence of the conformational diversity in the head-out
spiraling state is observed, resulting in an oscillating response on the
state diagram at large activities.

Moreover, we also observe that the activity severely affects
the intrinsic viscosity of the polymer in Fig. 6(b). At low activity,
voTo/o = 1, the polymer chain consistently behaves as a shear thin-
ning fluid, wherein the viscosity decreases with increasing shear rate.
Its decrease in 7 reflects the alignment and the stretching of the poly-
mer chain in the folding states due to the shear dominance, hence
resulting in a more pronounced viscosity change. Through the mod-
erate activities, v97o/0 = 5 — 10, the polymer behaves as a Newtonian
fluid at low shear rates y7o < 0.1, showing shear rate-independent
viscosity. In this range, the chain predominantly adopts the head-in
spiraling state. However, as the shear rate rises, the chain behav-
ior turns into shear thinning as the chain enters the folding state.
These results with an active chiral polymer chain show agreement
with the previous simulations conducted on a chain composed only
of active monomers.*® On the other hand, for a more active polymer
chain, i.e., vo7o/0 = 30, a smooth transition from Newtonian to shear
thinning behavior is disrupted by an unstable head-out spiraling
conformation of the chain observed around j7o = 0.4 (see S5.mp4
in the supplementary material). Although we expect the head-out
spiraling state to reveal weaker flow resistance, the unstable con-
formation makes it significantly weaker. In general, we observe that
the rheological transition from Newtonian to shear thinning behav-
ior of the chain occurs at higher shear rates when the chain activity
increases. The folding polymer chain exhibits shear thinning behav-
ior, whereas the head-in spiraling polymer chain behaves as a New-
tonian fluid. The further activity induces a kind of shrinkage effect
on the spiraling polymer chain conformation by weakening the
importance of excluded-volume interaction among the monomers
and the shear flow, leading to a more shear-independent viscosity
response.
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To further understand the role of chirality in rheology, we ana-
lyze the dependence of viscosity on the chirality w, at a fixed activity
level v7o/0 = 10. Figure 7 presents the variation of viscosity with
w. as a function of the shear rate. At high shear rates, where the fold-
ing states are favored, viscosity follows a shear-thinning trend inde-
pendent of chirality, suggesting that strong shear dominates over
chiral effects. At moderate shear rates, chirality becomes more influ-
ential as it competes with self-propulsion in the stress dissipation. At
low shear rates, where the system transitions to a spiraling state with
a clear Newtonian behavior, viscosity decreases with increasing w,
indicating that a further rotational motion weakens the shear align-
ment, thereby reducing resistance to flow. These findings provide
a more comprehensive understanding of how chirality influences
the stress dissipation in active polymer systems. By complement-
ing our previous analysis, they highlight the intricate interplay
between these three factors in shaping the system’s non-equilibrium
rheology.

E. Effect of fluctuations

We next investigate the existence of the same polymer confor-
mational states when including thermal or environmental fluctua-
tions (shown in Fig. 8). Therefore, we include the Gaussian random
processes (&;) and (#,,) via non-zero translational (D;) and rota-
tional (D,) diffusion coefficients in the overdamped equations of
motion as follows:

1 .
i = _fz ViUij + priyes + &, (8)
i1
1%
i = _fZ V1Uij + yriyes + & + wey, 9
=]
Bu() = m -2 - w. (10)
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(1) = (§ &) is a Gaussian white noise term, describing the
thermal fluctuations affecting all monomers in the system with
zero mean and the correlation (£(t)&(t')) = 2D18;i0,0(t — t'). Its
strength is identified with D; = kg T/T, whereas 7, (¢) is a white noise
term, accounting for the fluctuations in the orientation of the head
monomer caused by the environment, with zero mean (#,(t)) = 0
and variance (1,(£)n,(t')) = 2D;818(t = t'). We have considered
different ratios between the translational and rotational diffusion
coefficients, D;/ D,d?, in the simulations.

For not too large noise strengths, the two extreme states, i.e., (i)
the linear folding state under shear dominance and (ii) the highly
active polymer in the head-out spiraling state, are unresponsive
to all fluctuations from the environment [see Figs. 8(a) and 8(b)].
The linear folding state stands out due to the strong shear effects,
while the combined action of activity and head chirality ensures the
consistency of the head-out spiraling state.

In the complex folding state, Fig. 8(c), where shear- and
activity-induced forces are commensurable, the chain state begins to
be disrupted by fluctuations. At this point, it is worth noting that if
the chain state persists for more than half of the total simulation time
despite environmental fluctuations, we deem it to exist under such
conditions. Here, the chain state becomes sensitive to the fluctua-
tions above D;79/0” » 0.2 — D, 7o » 0.5. The sensitivity stems mostly
from the competition between the shear flow and the thermal fluc-
tuations. While the shear flow triggers the folding of the chain and
aligns the passive monomers in the shear flow direction, the ther-
mal fluctuations cause their motions to become randomized again.
On the other hand, strong rotational noise randomizes the head
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orientation of the chain. However, this does not affect the complex
folding state much, since this state is predominantly triggered by the
shear.

As the activity of the head monomer increases, the chain enters
the head-in spiraling state [Fig. 8(d)], becoming more susceptible
to fluctuations also below D, 7o ~ 0.5. In particular, at D;7o/ > =02
and D,7o » 0.6 in Fig. 8(d), we observe that the fluctuations sig-
nificantly disrupt the orientation of the head monomer. Indeed, at
certain parameters, the active chain still exhibits a spiraling motion,
although lacking an explicit head-in conformation. Moreover, upon
comparing the two spiraling states [Figs. 8(b) and 8(d)], we dis-
cern that not only the high activity but also the shear terms in
Egs. (8)-(10) may contribute to the head-out spiraling against the
fluctuations.

In summary, these results suggest that the head chirality of the
head monomer can overcome the rotational fluctuations due to its
activity if the shear torque also induces sufficient further rotation.
However, in the case of relatively weaker activities, the shear effects
are precluded by all fluctuations, resulting in the disappearance of
one activity-induced state, the head-in spiraling conformation.

IV. CONCLUSIONS

In conclusion, we have studied a flexible polymer chain in shear
flow that exhibits some kind of chirality since the head monomer is
dragging the rest of the monomers along a prescribed circle. The
combination of activity, shear, and chirality leads to a rich morphol-
ogy of polymer complexes, which includes both folding and spiraling
states. The sense of rotation of the whole complex results from a
competition between chirality and shear vorticity and can be tuned
by activity and shear. Furthermore, we have demonstrated various
physical properties of the active polymer chain, such as the radius
of the gyration tensor and the shear viscosity, to characterize these
morphological states. Particularly, active chiral polymer chains in
folding states exhibit shear thinning behavior, attributed to shear-
induced stretching and alignment in the shear direction. Spiraling
active chiral polymers disrupt the shear thinning character due to
the robust activities of the head monomer, resulting in a Newtonian
behavior of the chain. Our work builds the first basic step toward
a monomer-resolved understanding of the rheological behavior of
chiral active polymers.

Our model can be generalized and extended in various direc-
tions. First of all, the role of fluctuations should be explored more,
in particular non-thermal ones induced by an active bath.”**">*"
Second, the collective effects of many interacting active polymers
in shear flow can be studied, leading possibly to distorted worm-
blob-like configurations.”* Moreover, it would be interesting to
expose active polymers with chirality to confinement’' or to com-
plex environments such as porous media’>”” or periodic pillars’ to
see whether chirality can enhance long-time diffusion significantly.

We remark that our simulations currently do not incorporate
the hydrodynamic interactions (HIs) for the sake of simplicity, serv-
ing as an initial reference to a “dry” system solely influenced by
Gaussian white noise. However, theoretical expectations suggest that
HI could influence both the conformational and dynamical char-
acteristics of the active polymer chain, contingent upon the nature
of the activity. Finally, the insights gained from the presented work

ARTICLE pubs.aip.org/aipl/jcp

can contribute to developing future applications where the active
systems are integrated into new technologies.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following: S1.mp4:
Linear folding regime (voTo/o =1, j7o = 10), S2.mp4: Complex
folding regime (vo7o/0 =10, 79 =2), S3.mp4: Head-in spiral-
ing regime (vo70/0 = 10, 79 = 0.05), S4.mp4: Head-out spiraling
regime (voTo/0 = 80, 79 = 0.1), S5.mp4: Unstable head-out spiraling
regime (vo7o/0 = 40, y7o = 0.1), and S6.mp4: An example of partially
developed polymer structures (vo7o/0 = 10, j70 = 0.1).
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APPENDIX A: THE EFFECT OF CHAIN LENGTH

We investigate the effect of the polymer chain length on the
state diagram. By doubling the number of monomers in the chain
(N = 40), we observe in Fig. 9(a) a notable shift in the con-
formational states at high activities compared to the existing one
(N = 20). Although we also include the normalization by the num-
ber of monomers for the nondimensional activity on the x-axis, a
longer polymer chain exhibits a wider region corresponding to the
head-in spiraling state. As discussed in Sec. I1I A, the transition from
head-in to head-out spiraling state is determined by the maximum
cavity size formed by the chain, which is directly related to the chain
length. The discrepancies in the state diagram point out the role of
the chain bonds, which allow for further extension of the chain. Con-
sequently, the active chain can continue forming a larger cavity in
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the head-in spiraling state with increasing activity, thereby shifting
the transition to the head-out spiraling states to higher activity levels

compared to its shorter polymer counterpart.

We have shown in Fig. 6(b) that a stronger self-propulsion
enhances the chain mobility, enabling easier flow for the chain and
reducing the viscosity. In addition to that, we also analyze how the
length of the chain influences the resistance to flow in Fig. 10. The
longer polymer chain (N,, = 40) generally exhibits a higher viscosity

than N,, = 20.
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FIG. 10. Comparison of nondimensional shear viscosity #0° /ety of two chain
lengths [Ny = 20 (black line), N = 40 (gray line)] as a function of the shear
rate jzo for the polymer chain activities vozo/o = (10,1). The symbols denote
the state of the active polymer chain at the corresponding states: linear fold-
ing (magenta), complex folding (blue), head-in spiraling (green), and head-out
spiraling (red).
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APPENDIX B: EFFECT OF THE HEAD CHIRALITY, wc

Here, we present the results illustrating the effect of the chiral-
ity of the head monomer on the conformational states of an active
polymer chain. The head chirality of the polymer chain is adjusted
by modifying the term w, in Eq. (2). In the paper, the conformational
states have been discussed primarily for the case where w.7o =2
(see Fig. 2). Now, in Fig. 11, we address two cases, a lower (w79 = 1)
and a higher (w.7o = 5) head chirality.

The folding states are not significantly affected by the head chi-
rality strength. This is simply because the folding states arise from
the shear dominance in the system, and the head chirality term
w, is not directly linked to the shear rate, as shown in Eq. (2). On the
other hand, the chiral motion of the polymer chain depends on its
activity via the active speed term vo. This relationship is confirmed
by the simulations that the head chirality (different values of w.)
causes a change in the spiraling states on the state diagram. Compar-
ing Figs. 2 and 11(a), a weaker chirality shifts the head-out spiraling
transition to lower activities by limiting the head-in spiraling region.
Conversely, a polymer chain with stronger chirality requires a large
voTo /o to reach the head-out spiraling state, as shown in Fig. 11(b).
This indicates that the chirality of the head monomer determines
the encapsulation route of the polymer chain at the spiraling state,
allowing us to reach the desired state not only by tuning the activity
but also the chirality. Although both folding states are not influ-
enced directly as w, changes, the shifting of spiraling states to higher
activity regions mildly extends the region of complex folding states
observed on the state diagram.

This analysis sheds light on the unique effect of the combi-
nation of activity and chirality. In particular, the head-in spiraling
regime emerges as a distinctive feature of an active polymer chain
with a chiral head. This conclusion is further corroborated by the
simulation conducted under conditions where the chirality para-
meter w7 is set to zero [see Fig. 11(c)]. In this setup, the orientation
of the head monomer is solely affected by the vorticity of the shear
flow. As a result, the head-in spiraling state completely vanishes,
affirming its existence due to the presence of head chirality. Parts
of the head-out spiraling are also disrupted for certain parameters,
resulting in partially developed structures. Moreover, while the fold-
ing states merge on the state diagram, they remain distinguishable
based on the level of activity.

However, an alternative non-dimensionalization can be intro-
duced by explicitly incorporating the chirality w.. Given that
70 = 1/w., one can define the dimensionless shear rate as j/2w.,
which provides a more direct measure of the competition between
chirality and shear. This representation compares the shear-induced
rotation rate with the intrinsic rotational dynamics of the chiral par-
ticles. A similar rescaling can be applied to the activity, yielding a
dimensionless form, vo/ow,, which normalizes the active effects by
the chirality.

This rescaling provides useful physical intuition by facilitating a
direct comparison of different chiralities. In particular, it allows us to
better compare the state diagrams for different chiralities, revealing
that, under this non-dimensionalization, all state diagrams collapse
into the same universal form (see Fig. 12).

We further investigate the impact of chirality on the viscosity
of a polymer chain under varying activity levels and shear rates, see
Fig. 13. Our findings indicate that chirality significantly influences
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FIG. 11. State diagrams of the active polymer chain as a function of activity vo 7 /o
and shear rates jzo when the chirality of the head monomer is set to (a) wezo = 1,
(b) wetp =5, and (c) weto = 0. The colorcode represents different states: lin-
ear folding (magenta), complex folding (blue), head-in spiraling (green), head-out
spiraling (red), and partially developed structure (black).
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viscosity, particularly for spiraling chains. As activity increases,
the enhanced self-propulsion of monomers leads to more frequent

reorientations and deformations, amplifying the overall impact of

chirality on viscosity. In addition, the spiraling motion contributes
to a reduction in resistance to flow. This effect is particularly evi-
dent for the chain with 7o = 0.01 and vy7/0 = 10. However, this
effect diminishes for chains in folded states where the shear rate
increases or activity decreases. All these results are in line with our
observations in Fig. 7 of this paper.
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FIG. 13. Nondimensional shear viscosity 70° /ety as a function of head chirality
wcTy for activities voro/o = (1, 10) subjected to shear rates yzp = 1 (star) and
970 = 0.01 (square). The colorcode for the symbols represents different states:
linear folding (magenta), complex folding (blue), head-in spiraling (green), and
head-out spiraling (red).
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