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The dynamics of flexible filaments in flow underpin a broad range of biological and soft-matter
phenomena, yet their response to time-dependent forcing remains poorly understood. Here, we investigate
the long-time dynamics of Brownian inextensible elastic filaments subjected to strong oscillatory shear by
combining microfluidic experiments on actin filaments with numerical simulations based on a fluctuating
Euler-Bernoulli elastica model in a viscous fluid. As the oscillation period increases, the interplay of flow-
induced buckling and thermal fluctuations drives a transition away from reversible rigid-body dynamics.
Remarkably, the time-glide symmetry of oscillatory shear gives rise to two coexisting symmetry-related
dynamical attractors, between which stochastic fluctuations induce intermittent switching events. These
attractors correspond to cyclic states in which filaments become nearly straight and flow aligned at full
periods while adopting buckled conformations at half periods. Individual filaments spontaneously select
one attractor but intermittently hop to the other, producing alternating episodes of ordered and chaotic
dynamics. Our results establish periodically driven Brownian flexible filaments as an experimentally
accessible realization of stochastic symmetry breaking, attractor hopping, and intermittency in a minimal
nonequilibrium system, and present novel opportunities for the design and control of soft materials under

time-dependent flows.
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I. INTRODUCTION

Nonlinear systems driven by oscillatory forcing, ranging
from sheared soft materials [1-6] and biological networks
[7,8] to quantum systems [9,10], exhibit rich dynamical
behaviors, including transitions from reversible, periodic
motion to chaotic, irreversible states [11]. In these so-called
Floquet systems, reversibility is typically assessed strobo-
scopically, by comparing the system’s state at the beginning
and end of each driving period 7. Reversible-to-irreversible
transitions occur across many interacting systems: Under
certain parameter values or driving frequencies, the system
self-organizes into a reversible state where microscopic
trajectories repeat during each cycle, while for other

“These authors contributed equally to this work.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

2160-3308/26/16(3)/031067(14)

031067-1

Subject Areas: Complex Systems, Fluid Dynamics,
Soft Matter

parameter values, trajectories exhibit chaos with no clear
periodicity.

Periodically sheared viscous materials have served as
model systems to study such transitions. In the absence of
Brownian motion and at low Reynolds number, the linearity
of the Stokes equations guarantees kinematic reversibility for
isolated rigid particles under time reversal of the flow [12].
However, when multiple particles interact, reversibility can
break down due to interparticle collisions. Pine et al. [1]
famously demonstrated a sharp transition at a critical strain in
colloidal suspensions. Below the critical strain, particles are
found to rearrange in the first few cycles of driving as a result
of collisions, reaching areversible “absorbing” state in which
all collisions are avoided. Above it, collisions continue
occurring over arbitrarily many cycles, leading to irreversible
particle diffusion. Related phenomena have been observed in
driven emulsions [13]. In both particle [14] and droplet [15]
systems, the emergent reversible state typically exhibits
spatial hyperuniformity [16]. Brownian fluctuations can blur
the transition, disrupting reversibility even at low strain.

Beyond interactions, particle deformability introduces
another route to irreversibility, as exemplified by the case of
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a semiflexible elastic filament. In shear [17-21] as well as
strain-dominated [22-27] flows, viscous stresses can over-
come elastic resistance and induce buckling instabilities,
whose onset and morphologies are governed by the
filament’s elastoviscous number [28]. Kantsler and
Goldstein [23] provided the first experimental demonstra-
tion of these instabilities using actin filaments in a micro-
fluidic stagnation point flow, where they observed a series
of buckling modes upon increasing strain rate. The exper-
imental demonstration was complemented with a theoreti-
cal analysis of thermal fluctuations and buckling modes and
showed agreement with predictions from the linear stability
analysis of Becker and Shelley [17] for shear flow. These
instabilities are highly sensitive to initial conditions and
typically require thermal noise for activation: In the
absence of fluctuations, an isolated elastic filament will
simply relax to a straight, rodlike configuration and follow
reversible dynamics [18]. These observations suggest a
binary outcome for filament dynamics under oscillatory
shear: either reversible straight motion (without noise) or
fully irreversible deformation (with noise).

In this work, we reveal a subtler and previously
unreported regime. Even in the presence of Brownian
fluctuations, we report the emergence of long-lived, qua-
sireversible states in which filaments undergo dramatic
shape changes within a cycle but repeatedly return to nearly
straight conformations upon flow reversal. Two such
attractors in fact coexist due to the symmetry of the system,
giving rise to intermittent transitions between apparent
order and disorder.

We combine microfluidic experiments on actin fila-
ments, Brownian dynamics simulations, and a reduced-
order normal-mode model to explore this behavior across a
range of driving frequencies. Our analysis focuses on the
regime of strong flows, where buckling instabilities are
prevalent, and reveals a strong dependence on the dimen-
sionless period of oscillation p = y,,T, where 7,, is the
maximum applied shear rate. At low p, oscillations are too
rapid to induce significant deformation, and the filament
exhibits nearly rigid, reversible dynamics. As p increases,
we identify a transition to a regime of intermittent chaos
punctuated by stroboscopically reversible configurations.
Our findings also highlight how shape instabilities can act
as an effective noise source, driving complex behavior even
in weakly fluctuating systems.

II. PROBLEM DEFINITION

We investigate the long-time behavior of isolated,
Brownian, inextensible elastic filaments subjected to a
uniform oscillatory shear flow with imposed shear rate
7(t) = 7, sin (2zt/T), where 7, is the peak shear rate and
T is the oscillation period [Figs. 1(a) and 1(b)]. We
combine microfluidic experiments using stabilized F-actin
filaments with numerical simulations based on a fluctuating
Euler-Bernoulli elastica model (see Appendixes A and B

and Ref. [29] for details). The filaments are characterized
by their length L, aspect ratio ¢, persistence length ), and
bending rigidity B = kzT?¢, with kgT the thermal energy.

In the absence of inertia (and thus at vanishing Reynolds
number), the filament dynamics are governed by three key
dimensionless parameters: (i) the elastoviscous number
iy = Smuy,,L*/Bc comparing viscous and elastic stresses
[28], where y is the fluid viscosity and ¢ = —log(eg?) > 0
is a geometric slenderness parameter, (ii) the dimensionless
oscillation period p =y, 7T, which also quantifies the
accumulated strain over one half cycle, and (iii) the ratio
?,/L characterizing the strength of thermal shape fluctua-
tions. The above dimensionless numbers are obtained by
scaling lengths with L, time with 7,,, and forces by B/L?.
In steady shear, buckling instabilities arise when j,, 2
306.4 [17,20].

We examine the dynamics and morphology of the
flexible filaments while they rotate back and forth through
the compressive and extensional quadrants of the shear
flow. All experiments and simulations presented here are
conducted at a constant value of z,, much larger than the
buckling threshold. Filament buckling can thus occur in the
compressive part of the flow, and filaments are stretched in
the extensional quadrant. Our analysis focuses on the
influence of the driving frequency, captured by p, on the
long-time behavior of the filaments.

Under shear, the filaments predominantly remain in the
flow plane, allowing a two-dimensional description of their
configuration [20] (see Sec. VI and Figs. S6 and S7 of
Supplemental Material [30] for a more complete discussion
and analysis of three-dimensional effects). The instanta-
neous filament shape is represented by the tangent angle
0(s, 1) to the centerline, where s € [0, L] is the arclength and
0 € [0, z] is measured from the negative x axis [Fig. 1(b)].
To characterize the filament orientation and shape, we
decompose (s, t) into normal modes:

[s9)

O(s.1) = 00(1) + Y _ yi(1)E(s), (1)

k=1

where the mode shapes &(s) are normalized eigenfunc-
tions of the biharmonic operator [31] (see Supplemental
Material and Fig. S1 [30] for details). This decomposition
provides a mode amplitude vector,

O(s,1) = [00(1), 1 (1), w2 (1), o ()] = [60 (1), ¥ (1)), (2)

which is truncated at an appropriate order N and fully
defines the filament’s state at time f. The zeroth-order
mode 0y(r) = L~' [£0(s,1)ds gives the average orienta-
tion, while higher-order modes W(t) = [y (1), y, (1), ...,
wy(7)] quantify shape deformations at increasing spatial
frequencies. A global measure of the degree of deformation
of the filament is provided by the norm ||'¥||. In practice, we

031067-2



REVERSIBILITY, CHAOS, AND ATTRACTORS IN ...

PHYS. REV. X 16, 031067 (2026)

— — — — — — A .
@ r 3 = 3 “ —— < 1 O ¥>0
B ¢ — ¢ 5 . 5 7
- — — — o — = .
= : = B 0(s. 1)
1F e CR)
€ ok ]
= E 4
1f 1 1 1 L Ll | ] L@, 1, $=0 I‘(S,t)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
t/T el
(C) {T=000 t/T=010 t/T=022 ¢/T=038 t/T=049f]¢/T=051 t/T=060 ¢/T=077 t/T=088 t/T=100 (d) i

~ S Y S DY Y D

/T =000 t/T=016 t/T=024 t/T=033 ¢/T=050 ¢/T=051 ¢/T=071 /T=0.76

t/T =0.00 ¢/T=0.18

(iii)

~ 0 2 L s~ D

/T =0.00 t/T=0.16

t/T =0.25 t/T =0.66  t/T=0.75

FIG. 1. (a) Evolution of the time-periodic shear flow, with shear
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rate y(t)/y,, = sin (2zt/T), over the course of one period 7 of

oscillation. The plot compares experimental microfluidic shear rate measurements with a sinusoidal wave. (b) Schematic of a filament

with arclength s, whose shape is described by the tangent vector (s,

t), or equivalently by the tangent angle (s, r) measured from the

negative x direction. The positive x direction is defined as the flow direction during the first half period. The background flow lines
illustrate the underlying straining flow, which is extensional in the first and third quadrants and compressional in the second and fourth
quadrants during the first half period when y > 0. (c) Snapshots of representative filament trajectories over the course of one period,

from experiments (E) and simulations (S) with #,/L = 1.3, ji,, ~ 1
(i1)—(v). Cases (ii)—(v) differ by the initial orientation of the filament.

x 10*. The dimensionless period is p = 6 in (i) and p = 13 in
The blue and red vertical lines label the deformation state of the

filament at the start and end of each half cycle: straight (blue) or deformed (red). Also see Video 1 of Supplemental Material [30]
showing the filament dynamics over a few periods for p = 13. (d) Orientational dynamics in the (6, 6,)) phase plane for the same five
cases as in (c¢). In each case, the experimental trajectory (E) is compared to the deterministic non-Brownian rigid-rod trajectory (RR)
governed by Jeffery’s equation (3). Deviations from the Jeffery orbits coincide with periods of strong filament deformation.

find that a small number of modes is sufficient to pro-
vide a good approximation to the filament shape (see
Supplemental Material and Fig. S1[30]), and weuse N = 5
in the results below.

The imposed shear flow illustrated in Fig. 1(a) displays a
positive shear rate and clockwise vorticity in the first half of
every period, followed by a negative shear rate and
counterclockwise vorticity in the second half. As a result,
a filament in this flow undergoes alternating half periods of
clockwise (90 > () and counterclockwise (6’0 < 0) rotation.

In the absence of deformation (¥ = 0) and thermal noise,
the angular dynamics are deterministic and reversible and
follow Jeffery’s equation for a rigid rod (RR) in planar
shear [32],

a0

5 =i (6{) sin(2zt/p), (3)
where time has been nondimensionalized using the typical
flow time 7;,!. Equation (3) provides a simple baseline for
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analyzing the effect of deformations and fluctuations in our
observations below. In a time-independent shear flow, the
angular velocity reaches a maximum when the filament is
aligned with the flow-gradient direction (6, ~ x/2) and
vanishes when it is aligned with the flow axis (6, = 0 or z).
As shown in Eq. (3), in oscillatory flow, the angular
velocity remains a function of the filament’s instantaneous
orientation but is also modulated in time. The angular
velocity is zero at the reversal of the flow direction every
half period (t = 0 and ¢t = T/2), and the filament rotation
slows down more gradually for reversals occurring close to
the flow axis (6, = 0 or 7). Depending on its instantaneous
orientation in the flow and on the sign of the shear rate, the
filament either experiences compression or stretching due
to the underlying straining flow, as depicted in Fig. 1(b)
during the first half period when y > 0. Under sufficient
compression, buckling can occur [17,20,29].

The angular dynamics of a Brownian rigid rod (BRR) are
still described by Eq. (3), with the right-hand side aug-
mented by a stochastic forcing term &(r), with variance
(E(1)E(F)) = 456(t — ') /Pe, where the Péclet number Pe =
7m/d, compares the shear rate magnitude to the rotational
diffusivity d,. For the Brownian flexible filaments of
primary interest here, thermal fluctuations are captured
by the ratio #,/L characterizing the strength of thermal
shape fluctuations. Note that these fluctuations not only
lead to deviations from a straight shape but also induce
noise in the mean orientation of the filament, equivalent to
rotational diffusion. Overall, deformations due to buckling,
together with thermal fluctuations, introduce departures
from the deterministic Jeffery dynamics (see Fig. 1) and can
lead to irreversibility in the long-time behavior.

A key feature of the stochastic system studied here is
its invariance under the transformation 7 — ¢+ T/2,
60 — & — 0, a property known as time-glide symmetry [33].
This symmetry implies that the statistical behavior of the
system over a full cycle remains unchanged under a half-
period time shift combined with angular reflection. As we
will show, this symmetry plays a key role in shaping the
long-time asymptotic dynamics.

III. RESULTS AND DISCUSSION

A. Dynamics over one oscillation period

We begin by characterizing the range of dynamical
behaviors that arise over a single oscillation period, driven
by the interplay between thermal fluctuations and buckling-
induced deformations. The half-period dynamics of ini-
tially straight filaments were explored in our previous
work [29], which showed that both the oscillation period
p and the initial orientation 8}y = 6,(0) strongly influence
the potential for buckling and the subsequent conforma-
tional dynamics. When multiple half periods occur in
succession, both the filament orientation 6, and deforma-
tion state W at the start of each half cycle reflect a complex

history of prior rotations and buckling events. In particular,
a filament may begin a half cycle already deformed if it
previously buckled and did not fully relax. These obser-
vations highlight the presence of dynamical memory in the
system: The filament’s response in a given cycle depends
on its shape and orientation inherited from previous
oscillations.

Figure 1(c) shows representative filament shapes from
both experiments and simulations that illustrate common
scenarios over one full period (also see Video 1 of
Supplemental Material [30] illustrating the filament dynam-
ics over a few periods). The observations confirm the good
agreement between experiments and simulations, which we
have previously demonstrated to be quantitative [29].

All examples shown correspond to cases where the
filament is nearly straight (||| ~0) at t =0, while the
initial orientation is either contained in the compressional
[cases (1)—(iv), 96 € [0, z/2]] or extensional quadrant [case
(v), 0} € [x/2,x]] of the flow. While all examples exhibit
transient deformation during the cycle, the timing and
evolution of these deformations differ markedly. In cases (i)
and (ii), the filament buckles during the first half cycle, then
gets entirely stretched in the second half. In case (iii),
buckling then stretching occur in both half cycles in a
nearly symmetric fashion. In case (iv), the filament simply
tumbles without buckling during the first half period, but
undergoes buckling in the second. In case (v), dynamics are
comparable to (iv), despite the filament being initially
oriented directly in the extensional quadrant.

We relate these behaviors to the evolution of the mean
orientation angle 6, and its angular velocity 8, in the phase
portraits of Fig. 1(d), which compare experimental data to a
solution of Eq. (3) for a rigid non-Brownian rod. In case (i),
the initial orientation is nearly aligned with the flow axis
and the driving period p is low. As a result, the filament
remains in the compressional quadrant for the first half
cycle (@, > 0) and in the extensional quadrant for the
second (A, < 0). After the initiation of buckling, the
deformation therefore keeps growing until # = 7'/2, and
subsequently relaxes when the flow is reversed. In case (ii),
where p is higher, the filament enters the extensional
quadrant before t= T/2, leading to partial stretching
before reversal. As 06 increases in cases (iii) and (iv),
the filament enters the extensional quadrant earlier during
the first half cycle, resulting in greater relaxation at
t =T/2. Case (iii) shows a nearly symmetric trajectory
in phase space, with alternating compression and extension
in both half periods and clear buckling-relaxation cycles. In
case (iv), the initial orientation is close to z/2, so the time
under compression in the first half cycle is too short for any
appreciable deformation to grow beyond the noise level set
by thermal fluctuations [29]; as a result, buckling is not
observed, and the dynamics is akin to a rigid Brownian rod.
In the second half cycle, however, the filament undergoes
prolonged compression, resulting in buckling and a
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deformed shape at t = 7. In case (v), the filament starts in
the extensional quadrant and remains confined to orienta-
tions close to the flow direction, where angular velocities
are small. As a result, the filament slowly approaches the
flow direction during the first half cycle but never crosses it;
buckling is observed in the second half cycle.

As evidenced by some of these trajectories, we note that
the direction of buckling is arbitrary and dependent on the
initial filament conformation along with Brownian fluctua-
tions at the start of each half cycle. This is visible, for
instance, in the first half cycle of case (iii) and in second half
cycle for case (iv), where buckling occurs in opposite
directions in the experiment and simulation. This is also
supported by the reduced-order model discussed below in
Sec. III B, which clearly highlights the role of the initial
conformation on the subsequent deformation dynamics. To
confirm that the buckling direction is indeed arbitrary, we
analyzed the statistics of buckling over a long time series of
2000 periods, and found that positive and negative signs for
1, corresponding to the two possible directions for the first
mode of deformation, are indeed equiprobable during
buckling, and do not correlate with distinct angular dynamics
(see Sec. III and Fig. S3 of Supplemental Material [30]).

Based on the observations of Fig. 1(d), we identify some
recurrent patterns in the dynamics that will be essential for
understanding filament behavior on longer timescales. For
this purpose, we assign a color label to the filament’s
deformation state at the beginning and end of each half
period: blue for a straight filament, and red for a deformed
one [see vertical markers in Fig. 1(c)]. This allows us to
track sequences of deformation states over one full cycle.
The most common sequences observed are blue-red-blue
[cases (i) and (ii)], red-blue-red [not explicitly illustrated in
Fig. 1(c) but compatible with the cases shown under time-
glide symmetry], and blue-blue-blue [case (iii)]. Less
frequent sequences include blue-blue-red [cases (iv) and
(v)] and red-red-blue. The time-glide symmetry becomes
obvious from these observations, visible by comparing
cases (i) and (v), as well as (ii) and (iv).

Another striking feature from these examples is that the
orientation angle 6, at the end of the period often returns
close to its initial value. This suggests that the mean angular
dynamics approximately follow the deterministic evolution
described by Jeffery’s equation, even in the presence of
thermal fluctuations and filament deformability. Closer
inspection of Fig. 1(d) shows that deviations from the
Jeffery orbits do in fact arise and coincide with periods of
significant deformation, e.g., near t = T'/2 in case (ii) and
near t =T/4 and 3T/4 in case (iii). These deviations,
though small, can accumulate over successive cycles due to
the system’s sensitivity to initial conditions [29], potentially
giving rise to complex and even chaotic dynamics on
longer timescales as we will show later.

To understand how such an irreversibility emerges, we
now analyze the change in orientation angle over one

period, and identify the physical mechanisms that give rise
to nonreciprocal dynamics characterized by a difference in
initial and final filament orientation 66, = 0,(T) — 6,(0).

B. Buckling and thermal fluctuations
as drivers of irreversibility

To shed light on the respective roles of buckling
deformations and thermal fluctuations in nonreciprocal
filament dynamics, we focus on numerical simulations.
We consider weakly Brownian filaments with a persistence
length to contour length ratio of #,/L = 50, large com-
pared to experiments, such that purely thermal deforma-
tions are of negligible amplitude compared to buckling
deformations. The elastoviscous number is fixed at a large
value well above the bucking threshold ji,, = 10* > ¢, to
ensure that buckling can occur. Figure 2 analyzes three
representative trajectories of nearly straight filaments with
initial orientations of 96 = 10° 30° and 90° at a fixed
dimensionless period p = 14. It shows how both the
orientation angle (0;) and the filament deformation
(|I'¥]]) evolve over time. To disentangle the respective
roles of thermal fluctuations and filament deformations,
we compare simulations for flexible Brownian and non-
Brownian filaments to the case of a non-Brownian rigid
rod, as well as a semianalytical reduced-order model for a
non-Brownian filament based on a truncated modal expan-
sion of the shape vector (see Supplemental Material [30] for
details).

As can be seen from the successive filament shapes
shown in the first row, and consistent with the observations
of Fig. 1, the filament dynamics depend strongly on the
initial orientation. We first focus on the Brownian simu-
lations (orange symbols) and compare them to the Jeffery
dynamics of the non-Brownian rigid-rod simulations
(dashed blue curve). The data show that the evolution of
the filament orientation (middle row) and deformation
(bottom row) are strongly coupled, with significant devia-
tions from the Jeffery dynamics coinciding with buckling
events. However, buckling alone does not guarantee non-
reciprocal dynamics: All three examples undergo buckling,
yet only the latter two fail to return to their initial
orientation and shape by the end of the cycle. In the first
case, with a low initial orientation angle near the flow axis,
the filament spends the second half cycle under extension
and is able to fully relax back to a straight shape. This is not
the case in the second and third examples: As the initial
angle increases, the second half of the cycle becomes
dominated by compression, leading to only partial stretch-
ing (second case) or no relaxation at all (third case, which
ends in the compressional quadrant).

The comparison of Brownian and non-Brownian flexible
simulations further highlights the role of thermal shape
fluctuations in sustaining buckling and contributing to
nonreciprocal dynamics. Non-Brownian simulations (purple
square symbols) are performed by first initializing the
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FIG. 2. Mode dynamics from simulations and modeling over a single oscillation period for three filaments with different initial
orientations: (a) 6?6 = 10° (b) 30° and (c) 90°. Top row: filament conformations from Brownian flexible simulations, where the
conformations at the start and end of each half cycle are highlighted using the same color code as in Fig. 1(c). Middle row: time evolution
of the mean filament orientation 6,(¢). Brownian simulation results (orange circles) are compared with non-Brownian simulations
(purple squares), the predictions from the semianalytical reduced-order model (black solid line; see Supplemental Material and Fig. S2
[30]), and the Jeffery orbit for a rigid rod (RR, blue dashed line). The colored background highlights regions of compressional and
extensional flow, following the same color scheme as in Fig. 1(d). Bottom row: time evolution of the filament deformation ||W¥(z)]|
computed using the first five normal modes. The legend matches that of the middle row. All cases use a dimensionless period p = 14 and
an elastoviscous number ji,, = 10*. Brownian simulations are performed with # »/L = 50.

filaments in a thermal bath to allow for the weak initial shape
fluctuations necessary to enable buckling, after which
thermal noise is turned off and the flow is applied. The
same process is applied for the semianalytical reduced-order
model (black curve). While the non-Brownian simulations
and semianalytical model agree closely with each other in all
three examples, their dynamics differ significantly from the
Brownian case. Deformations are generally weaker and tend
to be damped out over the course of the oscillation period in
the non-Brownian system. In some cases (third example),
buckling does not even occur in the absence of noise, even
though it does in the Brownian version of the same scenario.
When multiple periods are applied (not shown), non-
Brownian systems always relax to a straight conformation
that follows Jeffery dynamics [18].

A weakly nonlinear analysis performed on the reduced-
order model provides analytical insight into these obser-
vations. At linear order, the amplitude equation for the kth
deformation mode y, satisfies

4 [’M} Vs “)

Y = oy S—
ﬂmﬂk

where oy ~ (k + 1/2)x is the kth eigenvalue of the bihar-
monic operator, i (0, 1) = fi,, sin(2xt/p) sin (26,) is the
instantaneous elastoviscous number experienced by the
filament, which depends on both time and filament ori-
entation, and jij is the buckling threshold of mode k (see
Supplemental Material [30] for details). Equation (4)
admits the following solution:

a [t oy it
wi(t) =y (0)exp | = A Hinst (69, 1')dt’ | exp | (5)
k m

which shows that filament deformation results from the
competition between two effects: an exponential growth
term from the time-dependent viscous forcing, and a
damping term from bending elasticity. The growth term
depends on the accumulated time-dependent elastoviscous
number and captures the combined effect of the flow’s
unsteadiness and the filament’s tumbling motion. The
damping term reflects the relaxation of bending modes,
with the relaxation time of mode k given in dimensional
variables by
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T = (é‘J_/B)(L/ak)4v (6)

where (| = 8zu/c is the transverse viscous drag coeffi-
cient. In the parameter regime considered here, the longest
relaxation time 7, is typically comparable to the flow period
T, meaning that any initial shape perturbations are damped
away within a fraction of a cycle. Once these fluctuations
are gone, there is no mechanism left to trigger the linear
buckling instability that is the driver of large deformations
[see bottom of Fig. 2(c)].

Evidently, the time evolution of each mode amplitude
and therefore of the overall filament shape over the
oscillation period depends on the deformation vector
W(0) at the start of the period, which is set by thermal
noise as well as any prior history of deformations, and
serves as the initial condition in Eq. (5). To quantify the
impact of thermal fluctuations, we simulated an ensemble
of 50 individual trajectories that repeat the initial conditions
of Fig. 2 but use different random initializations for the
shapes (see Supplemental Material [30]). As shown in
Fig. S4 in Supplemental Material [30] where we plot the
angular dynamics for the ensemble trajectories and the
corresponding angular distributions, noise introduces sig-
nificant variability in the trajectories, which results from the
variability in the nonlinear buckling dynamics and sub-
sequent relaxation. Despite these strong fluctuations, the
dynamics of the ensemble-averaged mean angle remains
close to the Jeffery solution. Equation (5) also explains the
random direction of buckling noted earlier in the discussion
of Fig. 1(c), which is set by the sign of y;(0) for the
dominant mode(s) of deformation during a given half cycle.
We point out that the model of Egs. (4) and (5), while
capturing the salient dynamics observed in simulations,
differs from fully Brownian simulations, in that fluctuations
are introduced only at ¢+ = 0 via the initial condition ¥(0)
as opposed to being applied at all times.

In summary, Fig. 2 highlights that over one cycle, shape
fluctuations, even minute, are essential to the irreversibility
by continuously seeding buckling instabilities, thus ena-
bling elastically driven nonreciprocal dynamics to occur.
Fluctuations in orientation seem to play a subdominant role
as significant deviations from Jeffery dynamics are gen-
erally associated with strong filament deformation. Over
several cycles, the effect of orientational noise can, how-
ever, influence the long-term filament dynamics, as we will
discuss in the last section of the paper.

We synthesize these findings in Fig. 3, where, starting
from a straight filament, we plot the ensemble-averaged
stroboscopic differences after one period in the filament’s
mean orientation (|50,|) = (|0(T) — 6,(0)|) and deforma-
tion (||8%¥||) = (||¥(T) —¥(0)||) as functions of (p, 6))
obtained from 50 numerical simulations of Brownian
filaments with identical conditions but different random
seeds. The structure of the phase diagrams can be explained
as follows: For small p, the time spent under compression is

I3

ISR

FIG. 3.

Ensemble-averaged stroboscopic changes in (a) mean
filament orientation {|56y|) = (|6y(T) — 6,(0)|) and (b) filament
deformation (||6%¥||) = (||¥(T) — ¥(0)||) as functions of the
dimensionless period p and initial orientation 6. Averages were
computed from 50 simulations per (p, 8})) pair, each with a different
random seed. Simulations used £,/L = 50 and fi,, = 10*. Black
squares indicate the three examples shown in Fig. 2.

short, so buckling is rare and dynamics are effectively
reversible regardless of the initial angle. As p increases, the
probability of buckling events becomes significant, and
these events can result in stroboscopic differences depend-
ing on the initial filament orientation. If the initial angle is
very small corresponding to a mean orientation close to the
negative flow direction (96 2 0), the filament spends most
of its time in the compressive quadrant of the flow for
t < T/2, and in the extensile quadrant for r > T/2 [see
cases (i)—(iii) in Fig. 1(c), as well as Fig. 2(a)]. The long
stretch under extension allows the filament to straighten out
before the end of the cycle, leading to quasireversible
stroboscopic dynamics even if buckling occurs midcycle.
For larger initial angles (0}, > x/2), the filament spends
most of the first half period in the extensional quadrant until
it aligns near the positive flow direction at r = T/2 and
undergoes strong compression in the second half of the
cycle with little to no time for relaxation [see cases (iv) and
(v) in Fig. 1(c), as well as Figs. 2(b) and 2(c)]. This leads to
large stroboscopic differences in orientation and shape,
signaling irreversible dynamics. For even larger initial
angles (0 <), filaments mostly remain trapped very
close to the flow direction, and compression is not strong
enough in the second half of the cycle to induce significant
buckling. For these cases, stroboscopic differences are
again small, and the dynamics can be considered to be
reversible. Irrespective of 6, filaments only very rarely
cross the flow direction due to the strong slowdown of the
angular velocity close to the flow axis. As a consequence,
filament dynamics are mostly restricted to one or possibly
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two flow quadrants, as in all the examples described here.
With increasing p, the region of dynamical irreversibility
widens, as ever smaller (or larger) initial angles can map to
orientations prone to buckling in the second half cycle.

In conclusion, the structure of the stroboscopic irrevers-
ibility maps of Fig. 3 reflects the interplay between
buckling and relaxation under time-dependent viscous
stresses, with a minor contribution from rotational diffu-
sion. Strong deformations associated with buckling result
in deviations from the Jeffery dynamics and are the primary
driver of irreversibility. Although Brownian shape fluctua-
tions alone generate only weak deformations in the present
conditions, they are crucial for triggering and sustaining
buckling.

C. Long-time dynamics: Coexisting quasireversible
attractors and intermittent transitions

Having explored buckling and irreversibility over a
single period, we now turn to the long-time statistical
behavior of a single filament. Experimentally tracking
filaments over hundreds of cycles is difficult because
Brownian motion often causes them to drift out of the
focal plane, and photobleaching of the fluorescently labeled
filaments prevents their imaging over long timescales. We
therefore continue to focus on numerical simulations, with
the persistence length ratio #,/L = 50 and elastoviscous
number ji,, = 104, as in the previous section. As shown
earlier, these values minimize thermal shape fluctuations
while still allowing them to induce buckling.

To investigate orientational dynamics over time, we
monitor the filament’s orientation angle 6 at the start of
each period. This gives a discrete-time stroboscopic
sequence denoted Py(n) = 6y(nT), where n is a non-
negative integer. This time series is equivalent to taking a
Poincaré section of the (90,90) phase space at 6, = 0.
Owing to the system’s time-glide symmetry, we also define
a complementary stroboscopic sequence at the half period
as Prjy(n) = m — 6y(nT + T/2). These two sequences are
statistically identical but correlated, since each depends on
the filament’s conformational history over previous cycles.

Figure 4(a) shows both P, and Pz, (black and red
curves, respectively) over 1500 cycles for a simulation with
p = 20. Both sequences exhibit intermittent dynamics
characterized by prolonged stretches (hundreds of periods)
of stable quasireversible behavior, where the stroboscopic
orientation angle hovers around a low constant value,
alternating with equally long bursts of chaotic irreversible
activity, where the angle fluctuates wildly.

As anticipated, these dynamics correlate with the behavior
characterized previously over one cycle: Quasireversible
intervals occur when the filament is aligned close to the
flow axis, while chaotic fluctuations involve larger orienta-
tion angles. This is confirmed by overlaying the phase chart
of (|66,) from Fig. 3(a) on the right side of Fig. 4(a), which
shows that stable dynamics occur for angles within the blue

reversible range, while chaotic dynamics are observed within
the red irreversible range. Intermittency in the system is
typified by the occasional switching of each stroboscopic
sequence between chaotic and stable dynamics.

Strikingly, the two stroboscopic sequences Py and P,
exhibit alternating behavior: When one is stable, the other is
chaotic. They occasionally cross, as indicated by vertical
purple arrows in Fig. 4(a), signaling a transition where one
time series becomes irreversible and the other becomes
reversible. To illustrate this exchange, Fig. 4(b) focuses
on the first 100 oscillation periods, revealing that the cross-
over is gradual rather than abrupt, extending over several
periods and featuring short-lived intersections. The figure
also highlights three interrogation windows whose filament
conformations are shown in Fig. 4(c) (also see Supplemental
Material Videos 2—4 showing the dynamics [30]). In the early
blue window (n < 9), Pr/, exhibits stable, reversible dynam-
ics both for orientation and shape. In contrast, during the
orange interval (54 <n < 63), P, is stable and reversible.
The green window (27 <n <36) captures a Crossover,
where both sequences appear reversible. This is corroborated
by the nearly symmetric and reversible conformations shown
in Fig. 4(c). Together, these observations point to the
existence of attracting states featuring an absorbing, straight
conformation closely aligned with the negative flow direc-
tion on each period, alternating with a deformed state on the
half period. Owing to the time-glide symmetry of the system,
two such states coexist with a half-period phase shift. The
filament spontaneously selects one of these states but
intermittently switches between them due to fluctuations,
producing alternating stretches of stroboscopic quasirever-
sibility and apparent chaos.

We now examine systematically how the temporal
evolution of the stroboscopic sequences relates to filament
conformational dynamics. To quantify the filament’s defor-
mation state, we define a binary order parameter S by
assigning S = 1 if the filament is deformed at the start of a
half period, and § = 0 if it is straight. This yields a time
series sampled every half period. A threshold of ||¥| =
0.05 is used to distinguish between straight (||'¥|| < 0.05)
and deformed (||¥| > 0.05) filaments [29]. From the §
time series, we then compute a moving average over a full
period to define S, which takes on three discrete values.

(1) S = 0: The filament is undeformed at the end of both
half cycles [deformation sequence blue-blue in the
nomenclature of Fig. 1(a)].

(i) S = 0.5: The filament is deformed during one half
cycle and undeformed during the other (sequences
blue-red and red-blue).

(iii) S = 1: The filament is deformed at the end of both
half cycles (sequence red-red).

The bottom panels of Figs. 4(a) and 4(b) show the evolution
of S, revealing a strong correlation between the strobo-
scopic sequences and conformational state. In particular,
S = 0 consistently coincides with crossings of the two
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(a) Top panel: evolution of the two stroboscopic sequences P (n) (black) and Py /z(n) (red) over 1500 periods in a Brownian

simulation with p = 20 and ji,, = 1 x 10*. The orange dashed line indicates the switching angle g between the two time series, and the
green dotted line marks the mean attracting angle 6, for stable dynamics. The phase chart from Fig. 3(a) showing the ensemble-averaged
stroboscopic change (|66|) is overlaid on the right. Purple arrows highlight crossings between the two sequences. Bottom panel: time
evolution of the order parameter S that characterizes filament deformation states (see main text for definition). (b) Enlargement of the
first 100 periods from (a), highlighting three distinct dynamical regimes using blue, green, and orange interrogation windows.
(c) Filament morphologies corresponding to the three windows in (b). The top and bottom rows depict the two attracting states, where
one sequence is quasireversible and the other chaotic, resulting in § = 0.5. The middle row shows a switching event, in which both
sequences are reversible, and the filament adopts symmetric straight conformations yielding S = 0. Also see Supplemental Material

Videos 2—4 [30] showing the dynamics.

sequences [green window in Figs. 4(b) and 4(c)] indicating
symmetric conformational dynamics. This case can corre-
spond to pure tumbling without deformation or to a
buckling event followed by symmetric stretching in both
half cycles, as seen in case (iii) of Fig. 1(c). For the large j,,
and p values considered here, buckling is observed. Thus,
in practice, S = 0 typically reflects alternating buckling and
stretching in the two half cycles of the period. S = 0.5 is the
most common case [Fig. 4(a)], where one stroboscopic
sequence is stable and the other chaotic. S =1 would
correspond to a situation in which the filament spends
enough time under compression in a first half period to get
deformed but not enough time to relax in the second half
period. Because of the symmetry of the Jeffery dynamics
underlying the filament dynamics, this situation is rarely
observed.

Crossings of P, and Pr/, mark symmetry points where
both states temporarily converge to reversible behavior and
correspond to filament orientations that divide the dynam-
ics into distinct attractor basins. In orientational space, such

events are nearly symmetric about € = /2, implying
0(0) =z —0(T/2). For a given p, this condition defines
a unique orientation # at which the stroboscopic sequences
intersect, and the dynamics become reversible in phase
space. Based on the Jeffery dynamics of Eq. (3), we obtain
this special angle as 65 = cot™! (p/27). Note that case (iii)
of Fig. 1 corresponds to such a situation. This prediction
shown as an orange dashed line in Figs. 4(a) and 4(b) aligns
well with the observed crossing points of the stroboscopic
sequences, confirming that 6 serves as the boundary
between the system’s two equiprobable attractors. To
further test this prediction, we performed simulations
across a range of p values using an ensemble of initial
filament configurations to numerically identify the angle 6
at which the sequences intersect. The results shown in
Fig. 5(a) demonstrate excellent agreement with the theo-
retical prediction.

During stretches of quasireversible dynamics, the stable
stroboscopic sequence hovers around a preferred filament
orientation exhibiting only minimal fluctuations. We denote
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FIG. 5. (a) Switching angle 85 marking the transition between
stable and chaotic dynamics, and attracting angle 6, during stable
dynamics, shown as functions of the dimensionless period p.
Symbols represent simulation results; dashed lines indicate
theoretical predictions. (b) Mean residence time N, in a stable
attracting state, and the normalized switching frequency Ng/N,
where N is the number of transitions between stable and chaotic
dynamics and Ny = 2500 is the total number of periods. Error
bars indicate standard deviations. Averages were computed from
12 long Brownian simulations with j,, = 1 x 10* and different
initial orientations. All results correspond to Brownian filaments
with £, /L = 50.

this orientation by 64, which is identified numerically as the
peak in the stroboscopic angular distribution and is shown as
a green dotted line in Figs. 4(a) and 4(b). As the period p
increases, the filament spends more time aligning with the
flow during extension, leading to a gradual decrease in 8.
This trend is shown in Fig. 5(a), where 6, is plotted as a
function of p. For sufficiently large p, we find empirically that
0, ~ cot™!(p/r) indicated by the pink dashed line. For short
periods, the distinction between reversible and irreversible
behavior is less clear, and 6, is no longer well defined. A
physical interpretation of the empirical relation can be
gleaned from Jeffery dynamics: A rigid rod with initial
orientation ¢ = cot™! (p/x) follows a trajectory in (6, )
phase space that becomes tangent to 8, = /2 at T/2. This
corresponds to an initial orientation comprised between cases
(i) and (ii) shown in Fig. 1. This means the filament
experiences pure compression during the first half period
and pure extension during the second. As a result, 8,
corresponds to the orientation most likely to induce buckling
followed by full relaxation, yielding an expected deformation
parameter value of S = 0.5 [see Fig. 4(b)].

As shown in the time series of Fig. 4(a), switching
between the two attracting states occurs stochastically on
long timescales, typically spanning hundreds of oscillation
periods. To quantify this intermittency, we define two
measures: (i) the mean residence time N, i.e., the average
number of periods spent in a given attracting state, and
(ii) the mean switching frequency Ng/Ny, where N is the
number of switching events, and Ny is the total number of
periods in the time series. For a Poisson process, these
quantities are inversely related. Figure 5(b) shows both N,
and Ng/N; as functions of p. At low p, filament deforma-
tions are negligible (see Fig. 3), and the system remains
stroboscopically trapped near its initial orientation, exhib-
iting only weak fluctuations due to rotational diffusion.
Filaments initialized near 8, are therefore likely to remain
in the same attracting state for long durations, resulting in
large N4 and infrequent switching. As p increases, buckling
events become more frequent, enhancing stochasticity in
the conformational dynamics [Fig. 5(b)]. Simultaneously,
the angular separation between the attracting angle 6, and
the switching angle f¢ decreases [Fig. 5(a)], lowering the
threshold for transitions. These combined effects increase
the probability of noise-induced switching, as reflected in
the decreasing trend of N, and the rising trend of Ng/Ny
with increasing p in Fig. 5(b). The decreased threshold
for transitions between attractors can be interpreted as a
result of the increased extent of the trajectories correspond-
ing to each attractor in phase space [see phase portraits of
Fig. 1(d)], which become more and more symmetric, thus
facilitating hopping between attractors.

Taken together, these results indicate that the effective
fluctuations in the filament’s orientational dynamics grow
with an increasing oscillation period. These fluctuations
arise from two sources: thermal orientational noise and
buckling-induced deviations from deterministic Jeffery
orbits, with shape fluctuations being limited to small
amplitudes. To disentangle the different contributions,
we analyze the standard deviation +/(863) of the strobo-
scopic angular displacement as a measure of the accumu-
lated orientational noise over one oscillation period.
Figure 6 shows this standard deviation as a function of
p for a Brownian rigid rod and two Brownian flexible
filaments with different ¢,/L ratios. In all cases, the

effective noise quantified by /(663) increases monoton-
ically with p. For the rigid rod, this growth is purely due to
thermal rotational diffusion acting over longer time inter-
vals as p increases, allowing the orientation to deviate
further from its initial value. When filament flexibility is
introduced, the noise is significantly amplified relative to
the rigid-rod case. This enhancement arises from the
additional stochasticity associated with buckling, which
itself is triggered by thermal shape fluctuations and
becomes more important with decreasing #,/L. For even
smaller £,/ L than investigated here, closer to experimental
conditions, yet more complex dynamics may arise as
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FIG. 6. Standard deviation /(563) of the stroboscopic change
in the mean orientation angle over one oscillation period plotted
as a function of the dimensionless frequency p for a Brownian
rigid rod (BRR) and Brownian filaments with two values of
¢,/ L. Inset: probability density functions of 56, for the same
three cases at p = 8. For the BRR model, we used a Péclet
number of Pe = y,,/d, = j,,ct,/L/[2410g(2/¢)], where d, is
the rotational diffusivity of the rigid rod. This choice ensures
identical flow conditions between the flexible filament and the
BRR to facilitate their comparison [34].

filaments become more likely to explore more than two
quadrants during a half period, as shape fluctuations
facilitate tumbling of the filament across the flow direction.

At low p, the magnitude of fluctuations is nearly identical
across all cases, as buckling remains negligible and thermal
orientational diffusion dominates. Further insight into the
relative contributions of thermal noise and buckling is
provided by the corresponding probability density func-
tions of 80, shown in the inset of Fig. 6 for the case p = 8.
All three distributions (rigid and flexible) coincide at small
angular displacements, at which orientational diffusion
plays a significant role: This corresponds to the quasir-
eversible regime where the stroboscopic orientation hovers
around #,. Larger angular displacements, however, are
much more probable in the case of flexible filaments and
correspond mostly to buckling events in the chaotic regime,
an effect that is enhanced with decreasing /L.
Altogether, these results highlight how the coupling of
thermal fluctuations and buckling effectively amplifies
orientational noise, thus facilitating stochastic transitions
between the system’s two basins of attraction.

To characterize the effect of the dimensionless period on
the system’s dynamics more completely, we plot in Fig. S5
of Supplemental Material [30] numerical probability dis-
tribution functions of Py(n) and Pr/,(n) (which share the
same long-time statistics due to time-glide symmetry) for
increasing values of p. For short periods p < 4, the strobo-
scopic dynamics are nearly reversible as previously found
in Fig. 3. Consequently, the distributions of Py(n) and
Pr/2(n) are relatively flat with no distinctive features, other

than noisy fluctuations that reflect the finite window of time
over which they were acquired. As p increases and the two
bistable attractors emerge, the distributions become
bimodal, with one large and narrow peak close to the flow
axis and a second shallow and broad peak centered in the
extensional quadrant. These two peaks correspond to the
two states observed in the data of Fig. 4(a), namely,
the straight flow-aligned state near the attracting angle,
and the chaotic buckled state away from the flow axis.
Remarkably, as the dimensionless period p is further
increased beyond approximately 20, the two peaks merge
into a single narrow peak close the flow axis, indicating that
the dynamics on the integer and half period become
indistinguishable and are both characterized by a straight
flow-aligned conformation. This indicates merging of the
two bistable attractors, as the period becomes long enough
for the filament to fully relax and align with the flow axis
every half cycle. In the phase portraits of Fig. 1(d), This
merging corresponds to the enlargement of the loops
described by the trajectories in each attractor, which end
up approaching the symmetric switching state and becom-
ing indistinguishable at very large p.

Our entire analysis so far has focused on two-dimen-
sional dynamics in the plane of shear, in part motivated by
experimental limitations that prevent imaging of filament
shapes in three dimensions. In experiments, however,
filaments are occasionally observed to rotate or buckle
out of the focal plane, which raises the question of whether
the bistable, intermittent behavior uncovered here persists
when the filament is free to explore 3D conformations. To
assess the robustness of our findings, we have performed
fully 3D Brownian simulations spanning over 2000 oscil-
lation periods, the results of which are presented in Sec. VI
and Fig. S6 of Supplemental Material [30]. These simu-
lations confirm that the key qualitative features of the
dynamics—most notably, the bistability of filament mor-
phologies and the intermittent switching between attracting
states—are preserved in 3D. Although the filament does
occasionally rotate out of the shear plane due to thermal
noise as well as buckling events, the strong flow strength
considered here ensures that its orientation distribution
remains strongly peaked around the shear plane (see
Fig. S7 in Supplemental Material [30], showing the
probability density function of the scaled projected length
L,,/L, which is strongly peaked around 1), effectively
confining the long-time dynamics to a quasi-2D regime.
This behavior is consistent with what is known for
Brownian rigid rods in strong shear flows [35], and
confirms that the 2D description adopted throughout this
work captures the essential physics of the system.

IV. CONCLUDING REMARKS

We have analyzed the dynamics of semiflexible fila-
ments in oscillatory shear flow, a canonical nonlinear,
stochastic Floquet system exhibiting time-glide symmetry

031067-11



FRANCESCO BONACCI et al.

PHYS. REV. X 16, 031067 (2026)

under weak thermal fluctuations. Although thermal noise is
weak, it plays a crucial role by triggering elastoviscous
buckling, which serves as the primary stochastic mecha-
nism driving departures from deterministic rigid-rod behav-
ior. Our focus has been on the emergence of irreversibility
as the oscillation period p increases. We identified two
distinct regimes. In fast-oscillating flows, buckling has
insufficient time to develop, and filaments undergo quasir-
eversible oscillations while remaining nearly straight,
regardless of their orientation. At higher p, when the period
of oscillation is slower, buckling becomes more likely and
leads to irreversibility.

Despite the onset of buckling, we uncovered the exist-
ence of attracting states in which the filament remains
nearly straight and aligned with the flow at the start of each
period, alternating with a deformed conformation at mid-
cycle. Because of the system’s time-glide symmetry, two
such states coexist, out of phase by half a period. Individual
filaments spontaneously select one attractor but intermit-
tently hop to the other. This results in a stroboscopic
dynamic characterized by alternating stretches of quasir-
eversibility and chaotic behavior, with the typical duration
of each stretch decreasing as p increases. Transitions
between attractors pass through a short-lived symmetric
state in phase space, in which the angular and deformation
dynamics during the first and second half cycles are nearly
identical under time-glide symmetry. We are unaware of
any other physical systems in which a similar bistability
between two phase-separated symmetric attractors may
have previously been described. We speculate that similar
dynamics likely arise in other periodically driven noisy
dynamical systems with strongly nonlinear response func-
tions. A full theoretical foundation for the phenomenology
uncovered here and for its dependence on system param-
eters remains a question of interest that may perhaps be
addressed using reduced-order modeling in the context of
dynamical systems theory.

Our results establish periodically driven Brownian flex-
ible filaments as an experimentally accessible realization of
stochastic symmetry breaking, attractor hopping, and
intermittency in a minimal nonequilibrium system.
Whether these single-filament dynamics have observable
signatures on large scales at the suspension level remains an
open question. Under steady shear, buckling instabilities
enhance shear thinning and generate normal stress
differences [17,34]. Similar effects may emerge under
oscillatory flow. A particularly intriguing possibility is
that hydrodynamic interactions could synchronize revers-
ible and chaotic phases among nearby filaments, as
synchronization is prone to happen in other systems of
driven or active hydrodynamically coupled elastic struc-
tures [36-38]. If so, this could lead to intermittency in the
macroscopic rheological behavior, suggesting new routes
for designing and controlling responsive complex fluids
with unconventional flow properties.
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APPENDIX A: EXPERIMENTAL METHODS

We use F-actin filaments as a model system for Brownian
semiflexible polymers. The filaments are stabilized and
fluorescently labeled with phalloidin. Their contour lengths
L range from 5 to 25 pm, with diameter approximately 8 nm
and persistence length £, ~ 17 pm. This corresponds to a
bending modulus of B = kzT¢, ~ 7 x 1072 N'm?”. Further
details on filament synthesis and mechanical characteriza-
tion are available in our previous studies [20,29].
A schematic of the oscillatory flow setup is provided in
Fig. S8 of Supplemental Material [30]. We generate a time-
periodic two-dimensional linear shear flow using a vertical
Hele-Shaw channel with a rectangular cross section
designed to have a height-to-width ratio of approximately
3.33. This geometry produces an almost pluglike flow
profile in the vertical direction and a Poiseuille-like profile
in the observation plane, where filaments are imaged at
roughly 100 pm from the bottom coverslip. Experiments
focus on filaments positioned midway between the sidewall
and channel center, ensuring the flow gradient is
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approximately uniform over the filament length [20,29]. The
oscillatory flow is driven by a pair of pressure controllers
(Fluigent Lineup Flow EZ™) that impose a sinusoidal
pressure drop 6p sin(2xt/T) with periods T ranging from 1
to 10 s. In all experiments, the filament Reynolds numbers
are very low, between 107> and 107, and the maximum
shear rates achievable range from y,, = 0.4t03.7 s~!. These
conditions are attained by fine-tuning the pressure amplitude
op at the channel inlets, which remains below a few
millibars. The low-pressure drops are facilitated by incor-
porating high-resistance variable-length tubing between the
inlets and the filament suspension [29]. Given the relatively
low oscillation frequencies, viscous resistance dominates
over inertial transients, ensuring the flow remains laminar
and Poiseuille-like throughout each oscillation cycle [29].
This guarantees that the instantaneous shear rate experi-
enced by the filaments is in phase with the imposed pressure,
such that y(¢) = y,, sin(2z¢/T). Representative shear rate
data and sketches of the flow profiles at various times are
shown in Fig. 1(a). Video 1 of Supplemental Material [30]
shows the filament dynamics over a few periods of oscil-
lation for p = 13. Additional details on the experimental
setup, image acquisition, and analysis can be found in our
previous work [29].

APPENDIX B: MODEL GOVERNING
EQUATIONS AND COMPUTATIONAL METHODS

We model slender filaments as one-dimensional inex-
tensible space curves represented by their centerline
position r(s,r), parametrized by arclength se][0,L].
Hydrodynamics are captured via local slender-body theory
for Stokes flow, where viscous anisotropic drag balances
bending elasticity, internal tension, and Brownian forces.
All variables are nondimensionalized by scaling lengths by
the filament contour length L, time by the characteristic
bending relaxation time 7, = 8zuL*/Bc, Brownian forces
by \/L/¢, B/L? and elastic forces by B/L” The filament
dynamics are governed by the following equation of
motion:

atr(s’ t) :ﬁmum(s7 [) + M- [_rs.\'sx + (Ars)s + L/l’ﬂpt.::| ’
(B1)

where u®(s,t) is the imposed background oscillatory
shear flow, M =1 + rr, is the local anisotropic mobil-
ity matrix, A(s) is a line tension that acts as a Lagrange
multiplier to impose the inextensibility constraint
ro-rg =1, and &(s,¢) is a Gaussian white-noise vector
with zero mean and unit variance. The filament dynam-
ics depend on three key dimensionless parameters.
The first one is the maximum elastoviscous number,
which quantifies the strength of hydrodynamic forcing
and is given by fi,, = 8zuy,,L*/Bc, where ¢ = —log(e&?)

is the slenderness parameter with ¢ = a/L < 1 represent-
ing the filament’s aspect ratio. The second number
is the dimensionless period p =y, T, which controls
the timescale of oscillations. This parameter enters
the time-periodic external flow defined as u®(s, 1) =
[sin (27fi,,ct/p)y,0,0]. The third dimensionless number
is L/¢,, which characterizes the magnitude of thermal
shape fluctuations. Further details on the numerical meth-
ods employed for solving these equations can be found in
Refs. [18,20,34].
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