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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 spiralling 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.

I. INTRODUCTION

In contrast to their passive counterparts, active polymers!=

convert energy taken from the environment into directed
motion*’. Among typical examples are living worms®-19,
filaments' =13, artifical chains of granular'* or colloidal
particles'>2! and flexible robots??. The behavior of active
polymers has grown into a modern interdisciplinary research
field nested between chemical physics, soft matter science and
biology. In this sense, synthetic active particles have also
been designed in several ways to serve as artificial monomers.
Phoretic effects due to the local gradients of, e.g., (i) electric,
(i1) concentration and (iii) temperature fields are used to acti-
vate these particles®?324,

Chains of active particles can serve as models for the inte-
grated part of biological systems, e.g. bacterial swarms pro-
pelled by flagella. 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 phenomena are activity-induced chain
swelling®®?” and collapsing'®?6 as well as the spontaneous
formation of spirals®®, and a change of the scaling exponents
relative to passive polymers>. Moreover, although the influ-
ence of activity on stiff polymers is severe, it induces a transi-
tion from semiflexible-polymer behavior to flexible-polymer
behavior, with increasing activity>C.

When passive polymers are exposed to shear flow, they start
to tumble and the sense of the rotation of the whole chain
is governed by the vorticity direction of the imposed shear
field. The underlying physics is by now well understood®'~3.
The behavior of sheared active polymer chains is more in-
tricate and has been addressed only recently by theory and
simulation’”?. Novel properties of the polymer conforma-
tions induced by a combination of activity and shear have
been reported including significant deviations from passive
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scaling laws. The combination of fluid-flow and active forces
gives rise to fascinating phenomena in the swimming route
of microorganisms, such as upstream swimming*'*?> and vor-
ticity migration*. Additionally, activity induces significant
alterations in viscosity under shear flow, as observed in bacte-
rial systems** and colloidal suspension®. This characteristic
makes active polymers, or polymer-like structures, intriguing
candidates as rheology modifiers in natural or industrial*6*’
applications.

Here we introduce the concept of chirality to a sheared ac-
tive polymer. Instead of being self-propelled linearly lead-
ing to straight motion, active particles can also spin and
circle®®30, There are two ways to connect chirality to ac-
tive matter’!: either already a single particle is chiral such
that chirality is observed for the trajectories of individual
particles®®>3 or collections of non-chiral particles sponta-
neously self-organize into chiral structures?®>#=7 . In the first
case, chirality is imposed, in the latter it is spontaneously
emerging.

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 on a circle®®°. The rest of the polymer
chain is passive following the moving head but exposed to the
shear flow. Therefore there is a combination and competition
of activity, chirality 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 properties. We find a plethora of
different conformations including linear stretched complexes
and spiralling 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 cir-
cling sense of the head, the chirality of the whole complex
can be tuned both by activity and the shear rate. Our results
can be verified on artificial model granular or colloidal chiral
chains exposed to shear and are of importance in characteriz-
ing the response of living chiral active polymers to complex
flow fields. The paper is organized as follows: Section II pro-
vides a description of our model. Results are presented in
Section III and conclusions are drawn in Section IV.
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Il. METHODS

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

y

FIG. 1. Schematic of an active bead-spring polymer with a chiral
head (red monomer) in the linear flow. The blue monomers are pas-
sive. 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.

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 passive monomers are indexed with i =
2,3, ...,N,. In the presence of a steady shear rate 7, the trans-
lational motion of the passive monomers (i # 1) in the over-
damped limit (corresponding to Brownian dynamics at zero
temperature) is given by

) 1 Nm .
P = T Z V,Uij+ 7ri yex, M
=1

#i

and the motion of the active head monomer is described by

N
P = Y ViU + 1 ye+voen, (2)
=

J

1
r

where 1; = (rix,7iy) 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 uni-
form 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
additionally with the constant active speed vy in the direction
described by the unit vector e, = (cos8),sin6,)'33% 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®?,

6i() = —2 — . 3)

Here, 7/2 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 , 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 does change and, consequently, it can set
the whole complex into overall rotation. It can be realized ex-
perimentally in various ways. For instance, the head monomer
can carry a dipole moment and be brought into rotation ei-
ther 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 in-
teractions. The excluded-volume interactions between the
monomers are described by a smooth repulsive Weeks-
Chandler-Andersen (WCA) potentia166,

2 6
Uwea(r) = 3:9{((:)1 -(2) ]+ :iiiz )

Here, o is the diameter of the monomers and € is the in-
teraction strength. The spring connection of neighboring
monomers is introduced via a FENE (finitely extensible non-
linear elastic) potential 867,

1 rij\ 2
Urene(r) = —3KR3in| 1 - (RL:)) ] )
where i and j are the neighboring beads with their distance
being r;; = |r; —r;|. The spring constant is K = 27¢/02, while
the maximum allowed bond length is Ry = 1.50.

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 characteristic time 7y = I'6?/€. 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 Ar = 10~*1, assuming periodic boundary condi-
tions. The dimensions of the computational box are chosen as
Ly,L, = (800,400).

The dimensionless activity is voTy/o, which varies in the
range of [0.1, 100], while the dimensionless shear rate J7y is
chosen in the range of [0.01, 50]. Additionally, positive values
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of both the dimensionless 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 Section III D. Even in the absence of noise,
the system runs into a dynamic state which does not depend
on the initial conditions. It is this state which we shall analyze
in the sequel.

Ill. 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 af-
fecting similarly 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 chi-
rality, by also addressing the rheological properties. In Sec-
tions IIT A-III D, we analyze the system in the case of vanish-
ing translational and rotational diffusion coefficients, while in
Section IIIE, we include thermal or environmental fluctua-
tions.

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 @.79 = 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 spiralling 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 mo-
tion of the head, thereby controlling the polymer regimes un-
der shear flow (see Fig.2). Applicable to all states, we observe
arange of conformational diversity as activity increases at the
same shear rate.

Up to the intermediate values of vo/yo, we observe the
shear-dominated regime, in which the chain folds into two
distinct forms: linear folding and complex folding. In the lin-
ear folding regime, a weak activity can only initiate a sub-
tle clockwise rotation, and the head monomer is subsequently
entrained by the negative flow field beneath the centerline, in-
ducing 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 is not blocked by the passive monomers it encoun-
ters along its path. Instead, the head monomer pushes and
rearranges the passive monomers around itself, leading to the
formation of a complex folding pattern (indicated by all ¥ in
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FIG. 2. State diagram of the active polymer chain conformations as
a function of activity vyTp/c and shear rate y1y for @.7) = 2: linear
folding (magenta), complex folding (blue), head-in spiralling (green)
and head-out spiralling (red). The conformational diversity of the
states is demonstrated underneath the diagram. Their corresponding
parameters are marked by black symbols in the state diagram.

Fig.2), see S2.mp4 in the supplementary videos. Thus, the
head monomer is surrounded by the passive monomers, form-
ing 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 stretch-
ing/alignment in the flow direction and compression in the
gradient direction is similar to what is observed previously

in the case of all monomers being active®®.

When activity dominates, the spiralling state of the chain
is enabled. At the beginning of activity dominance, the head
continues its enclosed rotations within the cavity, akin to com-
plex 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, re-
ferred to as head-in spiralling (indicated by A in Fig.2), see
S3.mp4 in the supplementary material. In this range, increas-
ing the head activity widens the diameter of the circling, cre-
ating 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, encapsulates 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 metarial.
Generally, in both spiralling 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 &

2 2
R, = N (ri —Tem) (6)
m =1
where (r; —T.,,) is the position of i monomer in the polymer
center-of-mass reference frame, with r.,,, = Z?i"l r;. The mean

square radius of gyration is then Eéz,. The overline denotes a
time average.

Fig.3a shows the change in radius of gyration of four differ-
ent conformational states over time, where the active polymer
chain undergoes either folding or spiraling in a cyclic fash-
ion. In the linear folding conformation, the mean radius of
gyration fluctuates around the size of the polymer chain. R§
exceeds the chain size due to the stretching of the chain dur-
ing its linear extension, while R§ decreases below that during
the subsequent linear folding. The duration of these plateaus
in Rf, indicates the extent of chain stretching: longer plateaus
correspond to greater stretching by shear.

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

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

Fig.4a displays the mean radius of gyration Ez with increas-
ing activity for several shear rates. A polymer chain in fold-
ing states exhibits a descending trend of ﬁ; as the activity in-
creases. This suggests that higher activity leads to more ef-
fective chain folding. Larger Eg under higher shear flows is
observed for the chains with the same activity due to the fur-
ther stretching effect of shear. At the transition to the head-in
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FIG. 3. (a) Square of the radius of gyration R§ as a function of
reduced time ¢/7) in the steady state: linear folding (voTy/0 =
0.1,y = 0.1), complex folding (vo7p/0 = 1,779 = 0.1), head-
in spiralling (voTp/0 = 20,779 = 0.1) and head-out spiralling
(voTp/0 = 80,719 = 0.1). (b) Fourier spectra of Ré(t) (in arbitrary
units) as a function of reduced frequency f/7 indicating the charac-
teristic frequency peaks related to the polymer state. The colors are

used to match with the states, as in Fig.2.

spiralling state, Fz evolves into an ascending trend. This tran-
sition occurs at lower activities at low shear, as it becomes
easier for the activity to dominate. Within the activity range
of the head-in spiralling, 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 spiralling state,
voTp/0 > 30, the mean radius of gyration becomes indepen-
dent of the shear rate and the chain conformation depends only

on activity. Initially, ﬁz, 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 intermit-
tently attempts to leave the encapsulated monomers. This re-
sults in a larger mean radius of gyration than the full-wrapped
conformation occurring at slightly larger activities. The stabi-
lization of the head-out state occurs at activities vy Ty /o ~ 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.
Fig.4b shows the frequency of the highest amplitude peak
at the Fourier spectra, i.e., the highest frequency peak f., nor-
malized by the corresponding shear rates ¥, plotted as a func-
tion of activity. The folding frequency is lower than that of
spiralling states and increases slightly as activity increases.
Later, the transition to the head-in spiralling state is identified
by a frequency jump. Thereafter, the characteristic frequency
of the head-in spiralling state remains constant with activity.
However, this plateau occurs at higher frequencies for lower
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FIG. 4. (a) Normalized mean-square radius of gyration E; /R;O,
where R;O is the mean-sqaure radius of gyration of the polymer at
voTp/0 = 0 and y79 = 0, and (b) the normalized characteristic fre-
quency f. obtained from the Fourier spectra of Rf,-time data, as a
function of activity vyty/c for y1p = 0.01, 0.1 and 1. The sym-
bols denote the state of the active polymer chain at the correspond-
ing states: linear folding (magenta), complex folding (blue), head-in

spiralling (green) and head-out spiralling (red).

shear rates. This again highlights the dominance of the activ-
ity, which further increases the head swirling frequency within
the cavity when the shear is weaker. For 7 = 1, the head-in
spiralling state is absent (see Fig.2), we lose the first jump
in the normalized 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.4a-b provide evidence to character-
ize regime transitions. Additionally, they demonstrate how
the size of the conformation and the folding/ spiralling fre-
quencies are tuned by (i) the activity of the chain and (ii) the
imposed shear flow. Similar to the active polymer chain com-
posed solely of active monomers!>%8, we note a consistent
trend in Eﬁ with increasing activity voTyo/o < 30. However,
beyond this activity threshold, we observe that the combina-

tion of activity and chirality of the head monomer reveals a
distinct spiralling 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 be-
tween two frequencies, the shear-induced eigen-rotation 7/2
and the frequency ®, stemming from the head chirality, in
determining the final direction of both folding and spiralling
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’s monomer
spin directions), which helps for the experimental realization
of this system in the future. To do that, these frequencies
(resp. torques), which are tunable by external forces in the
system, are applied countercurrently. Fig.5 shows the confor-
mational state diagrams where both torques are clockwise in
(a) and the opposite case (i.e., counterclockwise shear torque
vs clockwise chiral torque in (b).

In Fig.5a, the active polymer chain forms the conforma-
tional states consistently in a clockwise direction, as previ-
ously observed (see Fig.2). While, in Fig.5b, we obtain a
different state diagram when the same active polymer with
a clockwise head chirality is simulated under the shear re-
versed flow field (7 < O used in Eqgs.1-3), resulting in coun-
terclockwise shear torque. When activity dominates, the head
chirality prevails over the shear torque, allowing the head-in
and head-out spiralling states to persist mostly on the state
diagram. However, as the shear flow increases or the poly-
mer activity decreases, the shear torque resists the head chi-
rality more, destroying the complex folding state. Despite
the head monomer’s overall tendency to rotate the polymer
chain clockwise, this competition allows only partially de-
veloped polymer chain structures (see S6.mp4 in the supple-
mentary 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 direction
(+) on the activity dominant regions of the state diagram,
while in a counterclockwise(-) direction on the shear dom-
inant regions. However, the hesitant state arises due to the
balanced effects of shear and activity wherein the polymer re-
mains linear.

When the magnitudes of two countercurrent torques be-
come exactly equivalent, such that y79/2 = —2 and .7 = 2
in Eq.3, the active polymer chain remains always linear with-
out any directional preference of the head monomer over the
range of activities (see the dotted line in Fig.5b). Conse-
quently, 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 7/2 surpasses the head
chirality 7;.. 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 analysed
with different @, values in Appendix B.
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FIG. 5. (a) State diagram when both frequencies cause clockwise
rotation of the head monomer, y79/2 > 0 and ®.7) > 0. (b) The
state diagram when the shear flow creates a counterclockwise shear
torque on the monomer, 77y/2 < 0, while the head chirality resists
the clockwise rotation with w7y > 0. The colorcode represents dif-
ferent states: linear folding (magenta), complex folding (blue), head-
in spiralling (green), head-out spiralling (red) and partially devel-
oped states (black). Symbols correspond to clockwise (4), counter-
clockwise (—) and hesitant (e) rotations. The dotted black line de-
notes the neutralization of the countercurrent torques on the head
monomer for high activities.

D. Viscosity of the polymer

The rheological response of the active polymer chain with
a chiral head is characterized by the shear viscosity, 1, which
is calculated via shear stress according to

1 &« U 1
)

i=1i>j

Tijs @)
Irijrijy

where r;; . and 7;;, are the distance between the centers of
two particles i and j in the direction of x and y, respectively,
while Q = L,L, is the system area. The shear stress is nondi-
mensionalized by considering the energy and length scales, €
and o, of the system. The shear viscosity is then calculated as
n= Exy/ V.

Fig.6a displays the shear stress as a function of activity for
various shear flows, highlighting the contribution of different
polymer 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 polymer chain simply flowing under
the shear flow?®. Here, the chain in the linear folding state (x
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 discrim-
inate the folding states.

Moreover, the shear stress contribution of the polymer
chain in the complex folding state tends to remain more con-
stant with the activity, especially in case of absent the head-
in spiralling regime due to the balance between activity and
shear (779 = 1). When the activity-induced forces on the
chain surpass the shear forces, the chain directly translates
into the head-out spiralling, resulting in a sharp decrease in
shear stress. Conversely, when the head-in spiralling state is
present, such as 779 = 0.01 and 779 = 0.1 on Fig.6a, the shear
stress initially decreases smoothly with increasing activity be-
fore the transition from folding to spiralling 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 di-
versity in the head-out spiralling 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 ac-
tivity voTp/0 = 1, the polymer chain consistently behaves as
a shear thinning fluid, wherein the viscosity decreases with
increasing shear rate. Its decrease in 1) reflects the alignment
and the stretching of the polymer chain in the folding states,
due to the shear dominance, hence resulting in a more pro-
nounced viscosity change. Through the moderate activities,
voTo/o =5 — 10, the polymer behaves as a Newtonian fluid
at low shear rates 779 < 0.1, showing shear rate-independent
viscosity. In this range, the chain predominantly adopts the
head-in spiralling state. However, as the shear rate rises, the
chain behavior turns into a shear thinning, as the chain enters
the folding state. These results with an active chiral poly-
mer chain show agreement with the previous simulations con-
ducted on chain composed only of active monomers®. On the
other hand, for a more active polymer chain, i.e., voTy /o = 30,
a smooth transition from Newtonian to shear thinning behav-
ior is disrupted by an unstable head-out spiralling conforma-
tion of the chain observed around 779 = 0.4 (see S5.mp4 in
the supplementary material). Although we expect the head-
out spiralling state to reveal weaker flow resistance, the un-
stable conformation makes it significantly weaker. In general,
we observe that the rheological transition from Newtonian to
shear thinning behavior of the chain occurs at higher shear
rates when the chain activity increases. The folding polymer
chain exhibits shear thinning behavior, whereas the head-in
spiralling polymer chain behaves as a Newtonian fluid. The
further activity induces a kind of shrinkage effect on the spi-
ralling polymer chain conformation by weakening the impor-
tance of excluded-volume interaction among the monomers
and the shear flow, leading to a more shear-independent vis-
cosity response.

To further understand the role of chirality in rheology, we
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ralling (green) and head-out spiralling (red).

analyze the dependence of viscosity on the chirality @, at
fixed activity level voTo/o = 10. Fig. 7 presents the varia-
tion of viscosity with @, as a function of the shear rate. At
high shear rates, where the folding states are favored, vis-
cosity follows a shear-thinning trend independent of chiral-
ity, suggesting that strong shear dominates over chiral effects.
At moderate shear rates, chirality becomes more influential
as it competes with self-propulsion in the stress dissipation.
At low shear rates, where the system transitions to a spiral-
ing state with a clear Newtonian behavior, viscosity decreases
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FIG. 7. Nondimensional shear viscosity 110'3/870 as a function of
shear rate Y7y for a head monomer with fixed activity vy7p/c = 10
at different chiralities w.7) = 1,2,5. The symbols denote the state
of the active polymer chain at the corresponding states: linear fold-
ing (magenta), complex folding (blue), head-in spiralling (green) and
head-out spiralling (red).

with increasing @,, indicating that a further rotational mo-
tion weakens the shear alignment, thereby reducing resistance
to flow. These findings provide a more comprehensive un-
derstanding of how chirality influences the stress dissipation
in active polymer systems. By complementing our previous
analysis, they highlight the intricate interplay between these
three factors in shaping the system’s non-equilibrium rheol-

ogy.

E. Effect of fluctuations

We next investigate the existence of the same polymer con-
formational states when including thermal or environmen-
tal fluctuations (shown in Fig.8). Therefore, we include the
Gaussian random processes (&) and (1)) via non-zero trans-
lational (D;) and rotational (D,) diffusion coefficients in the
overdamped equations of motion as follows,

. 1 & .
hi=-r Z ViUij + 7riyec+ &, (8
=1
J#i
1 No
I = T Z ViUij+yriyec+ &1 +voep, 9
=2
A 4
Gh(t) —nh—i—a)c. (10)

&i(r) = (&ix,&iy) is a Gaussian white noise term, describ-
ing the thermal fluctuations affecting all monomers in the
system with zero mean and the correlation (&(1)&(')) =
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2D, 8;j6,,0(t —1'). Its strength is identified with D; = kgT /T,
whereas 1;,(¢) is a white noise term, accounting for the fluc-
tuations in the orientation of the head monomer caused by
the environment, with zero mean <nh(t)> = 0 and variance
(mu(@)nu(t')) = 2D,8,5(t —1'). We have considered different
ratios between the transitional and rotational diffusion coeffi-
cients, D;/D,c? in the simulations.

For not too large noise strengths, the two extreme states,
i.e., (i) the linear folding state under shear dominance and
(i) the highly active polymer in the head-out spiraling state,
are unresponsive to all fluctuations from the environment (see
Figs.8a-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 spiral-
ing state.

In the complex folding state, Fig.8c, where shear- and
activity-induced forces are commensurable, the chain state be-
gins 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 fluctuations above D, Ty/ 0202 -
D, 719~ 0.5. The sensitivity stems mostly from the competition
between the shear flow and the thermal fluctuations. While the
shear flow triggers the folding of the chain and aligns the pas-
sive monomers in the shear flow direction, the thermal fluctu-
ations cause their motions to become randomized again. On
the other hand, strong rotational noise randomizes the head
orientation of the chain. However, this does not affect much
the complex folding state, since this state is predominantly
triggered by the shear.

As the activity of the head monomer increases, the chain en-
ters the head-in spiralling state (Fig.8d), becoming more sus-
ceptible to fluctuations also below D, 7y =~ 0.5. In particular, at
D,’L‘o/62 =0.2 and D, 79 ~ 0.6 in Fig.8d, we observe that the
fluctuations significantly disrupt the orientation of the head
monomer. Indeed, at certain parameters, the active chain still
exhibits a spiralling motion, albeit lacking an explicit head-in
conformation. Moreover, upon comparing the two spiralling
states (Figs.8b and d), we discern that not only the high activ-
ity but also the shear terms in Eqs. 8-10 may contribute to the
head-out spiralling 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 spiralling conformation.

IV. CONCLUSIONS

In conclusion, we have studied a flexible polymer chain in
shear flow which exhibits some kind of chirality since the head
monomer is dragging the rest of the monomers along a pre-
scribed circle. The combination of activity, shear and chiral-
ity leads to a rich morphology of polymer complexes which
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FIG. 8. The appearance of the conformational states of the active
polymer chain in the presence of translational and rotational fluctu-
ations: (a) linear folding (vo7p/0 = 1, 779 = 10), (b) head-out spi-
ralling (v 79/ 0 =80, 779 = 0.1), (c) complex folding (vo7y/c = 10,
¥70 = 1) and (d) head-in spiralling (vo7y/c = 10, 779 = 0.1) states.
The colorcode represents the different states, matching with the state
diagrams. The closed (e) and open (o) symbols denote the appear-
ance and disappearance of the corresponding states, respectively.

includes both folding and spiralling states. The sense of rota-
tion 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 gy-
ration tensor and the shear viscosity to characterize these mor-
phological 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, re-
sulting in a Newtonian behavior of the chain. Our work builds
the first basic step towards a monomer-resolved understanding
of the rheological behavior of chiral active polymers.

Our model can be generalized and extended in various di-
rections. First of all the role of fluctuations should be explored
more, in particular non-thermal ones induced by an active
bath?%27370 " Second, the collective effects of many inter-
acting active polymers in shear flow can be studied leading
possibly to distorted worm-blob-like configurations>#. More-
over, it would be interesting to expose active polymers with
chirality to confinement’! or to complex environments such
as porous media’>’? or periodic pillars’* to see whether chi-
rality can enhance long-time diffusion significantly.

We remark that our simulations currently do not incorpo-
rate the hydrodynamic interactions (HI) for the sake of sim-
plicity, serving as an initial reference to a "dry" system solely
influenced by Gaussian white noise. However, theoretical ex-
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pectations suggest that HI could influence both the confor-
mational and dynamical characteristics of the active polymer
chain, contingent upon the nature of the activity. Finally, the
insights gained from the presented work can contribute to de-
veloping future applications, where the active systems are in-
tegrated into new technologies.

SUPPLEMENTARY MATERIAL

S1.mp4: Linear folding regime (voty/0 = 1, Y10 = 10)

S2.mp4: Complex folding regime (voTo/0 = 10, 779 = 2)

S3.mp4: Head-in spiralling regime (vo7p/0 = 10, 779 =
0.05)

S4.mp4: Head-out spiralling regime (vo7o/c = 80, 779 =
0.1)

S5.mp4: Unstable head-out spiralling regime (voTy/0 =
40, 770 =0.1)

S6.mp4: An example of partially developed polymer struc-
tures (voTp/0 = 10, 79 = 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 (V,, = 40), we observe in Fig.9 a notable shift in the con-
formational states at high activities compared to the existing
one (N,, = 20). Although we include also the normalization
by the number of monomers for the nondimensional activity
on the x-axis, a longer polymer chain exhibits a wider region
corresponding to the head-in spiralling state. As discussed in
section Il A, the transition from head-in to head-out spiralling
state is determined by the maximum cavity size formed by the
chain, which is directly related to the chain length. The dis-
crepancies in the state diagram point out the role of the chain
bonds, which allow for further extension of the chain. Conse-
quently, the active chain can continue forming a larger cavity
in the head-in spiralling state with increasing activity, thereby
shifting the transition to the head-out spiralling states to higher
activity levels compared to its shorter polymer counterpart.

We have seen in Fig.6(b) that a stronger self-propulsion en-
hances 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. 9. The state diagram normalized by the number of monomers,
Ny, for the active polymer chains composed of N, = 20 (represented
by the colored background) and N,, = 40 (closed symbols). The
colorcode represents different states: linear folding (magenta), com-
plex folding (blue), head-in spiralling (green) and head-out spiralling
(red).

Appendix B: Effect of the head chirality, @,

Here, we present the results illustrating the effect of the
chirality of the head monomer on the conformational states
of an active polymer chain. The head chirality of the poly-
mer chain is adjusted by modifying the term @, in Eq.2. In
the manuscript, the conformational states have been discussed
primarily for the case where @.7) = 2 (see Fig.2). Now, in
Fig.11, we address two cases, a lower (w.Ty = 1) and a higher
(@,T9 = 5) head chirality.

The folding states are not significantly affected by the head
chirality strength. This is simply because the folding states
arise from the shear dominance in the system and the head
chirality term @, is not directly linked to the shear rate, as
seen in Eq.2. On the other hand, the chiral motion of the poly-
mer 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 @,) causes a change in the
spiralling states on the state diagram. Comparing Figs.2 and
11a, a weaker chirality shifts the head-out spiralling transition
to lower activities by limiting the head-in spiralling region.
Conversely, a polymer chain with stronger chirality requires a
large VyTy/0 to reach the head-out spiralling state, as seen in
Fig.11b. This indicates that the chirality of the head monomer
determines the encapsulation route of the polymer chain at the
spiralling state, allowing us to reach the desired state not only
by tuning the activity but also the chirality. Although both
folding states are not influenced directly as @, changes, the
shifting of spiralling states to higher activity regions mildly
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FIG. 10. Comparison of nondimensional shear viscosity o> /&1,
of two chain lengths (N, = 20 (black line) , N,, = 40 (gray line))
as a function of the shear rate J7y for the polymer chain activities
voTo/0 = (10,1). The symbols denote the state of the active poly-
mer chain at the corresponding states: linear folding (magenta), com-
plex folding (blue), head-in spiralling (green) and head-out spiralling
(red).

extends the region of complex folding state observed on the
state diagram.

This analysis sheds light on the unique effect of the combi-
nation of activity and chirality. Specifically, the head-in spi-
ralling regime emerges as a distinctive feature of an active
polymer chain with a chiral head. This conclusion is fur-
ther corroborated by the simulation conducted under condi-
tions where the chirality parameter ®.7y is set to zero (see
Fig.11c). 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 spiralling 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 folding states merge on the state diagram, they remain dis-
tinguishable based on the level of activity.

Howeyver, an alternative non-dimensionalization can be in-
troduced by explicitly incorporating the chirality .. Given
that 7p = 1/@,, one can define the dimensionless shear rate as
¥/2 0., which provides a more direct measure of the compe-
tition between chirality and shear. This representation com-
pares the shear-induced rotation rate with the intrinsic rota-
tional dynamics of the chiral particles. A similar rescaling
can be applied to the activity, yielding a dimensionless form
vo/ 0 ., which normalizes the active effects by the chirality.

This rescaling provides useful physical intuition by fa-
cilitating a direct comparison of different chiralities. In
particular, it allows us to better compare the state dia-
grams for different chiralities, revealing that, under this non-
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FIG. 11. The state diagrams of the active polymer chain as a function
of activity vy7p/o and shear rates y7y when the chirality of the head
monomer is set to (a) @, 7p = 1, (b) @7 =5 and (c) w7 = 0. The
colorcode represents different states: linear folding (magenta), com-
plex folding (blue), head-in spiralling (green), head-out spiralling
(red) and partially developed structure (black).
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dimensionalization, all state diagrams collapse onto the same
universal form (see Fig. 12).

We further investigate the impact of chirality on the viscos-
ity of a polymer chain under varying activity levels and shear
rates. Our findings indicate that chirality significantly influ-
ences viscosity, particularly for spiraling chains. As activity
increases, the enhanced self-propulsion of monomers leads
to more frequent reorientations and deformations, amplify-
ing the overall impact of chirality on viscosity. Additionally,
the spiraling motion contributes to a reduction in resistance
to flow. This effect is particularly evident for the chain with
Y70 = 0.01 and vo7p/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 obser-
vations in Fig.7 of the manuscript.
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