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ACCESSIBLE OVERVIEW Several animals, such as pangolins and armadillos, utilize rolling-up strategies to
form self-wrapped configurations for defense against predators. Similarly, snakes and worms use these
techniques to regulate body temperature and prevent desiccation. On a smaller scale, DNA wraps around
proteins to form nucleosomes, which coil into chromatin structures, and proteins fold into coiled configura-
tions. This study investigates this wrapping behavior by experimentally studying an active chain made of chi-
ral active vibrobots, mimicking the aforementioned biologically inspired behavior. These vibrobots are an
example of chiral active granular particles that move autonomously when placed on a vibrating plate. Self-
wrapped configurations are observed when each fundamental polymer unit is chiral or, in other words, is
characterized by the breaking of body rotational symmetry, leading to circular motion. This results in a spon-
taneous transition from unfolded to folded configurations uniquely induced by chiral activity. This phenom-
enon lacks an equilibrium counterpart and challenges current theories of equilibrium polymer physics, giving
rise to anomalous Flory exponents. The discovery paves the way for developing innovative strategies for
designing robots that can self-organize in rolled or unrolled configurations, with potential applications in
swarm robotics.

SUMMARY

Biological organisms often have elongated, flexible structures with some degree of chirality in their bodies or
movements. In nature, these organisms frequently take advantage of self-encapsulation mechanisms that
create folded configurations, changing their functionality, such as for defensive purposes. Here, we explore
the role of chirality in polymeric structures composed of chiral active monomers exhibiting circular motion.
Through a combination of experiments and numerical simulations, we demonstrate a spontaneous unfold-
ing-folding transition uniquely induced by chirality, a phenomenon not observed in passive polymers. This tran-
sition is driven by a self-wrapping mechanism, resulting in dynamic polymer collapse even without attractive
interactions. Our findings, based on chiral polymers made from chiral active granular particles, present new
opportunities in robotic applications, taking advantage of the interplay between chirality and deformability.

INTRODUCTION

Chirality, the property of objects to be non-superimposable on
their mirror images, is an ubiquitous property in science, specif-
ically in physics, chemistry, and biology. From a fundamental
perspective, chirality has been observed in particle physics:
fermions and antifermions engaging in the charged weak inter-
action are left chiral and right chiral, respectively. Because of
their coupling, it has been postulated that the entire universe is
left-handed chiral. In chemistry, several molecules, such as the
common sugar glucose, are characterized by an intrinsic

chirality.” A similar scenario is encountered in biology (for
instance, in amino acids and several cells),” where chirality arises
from the self-organization of the actin cytoskeleton.®

In the realm of active-matter systems,*® the interplay between
particle motion and chirality has recently emerged as a capti-
vating frontier offering insights into an array of fascinating
phenomena.” Chirality introduces an intriguing twist to the dy-
namics of active particles,® leading to a unique class of emergent
phenomena,®'® ranging from hyperuniform phases in dilute
systems'*~'° to microphase separation'’2° and self-reverting
vorticity’" in denser systems. The rotational symmetry breaking
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Figure 1. Chirality-induced self-wrapping and polymer folding
(A and B) 3D and bottom view of a chiral active granular particle.
(C) lllustration of the leg design, showing both tilting and twisting angles.

(D) Time trajectory of chiral active granular particles, showing circular motion.
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(E) lllustration of a chiral polymer consisting of chiral active granular particles kept together by a 3D-printed linker.
(F) Folded configuration, showing a persistent rotation (blue arrow). The anchored monomer is marked in red, while the free-to-move polymer end is marked

in blue.

due to chirality induces the emergence of odd properties,* such
as odd elasticity,?>2° odd viscosity,?’?° and odd diffusivity,>°~°?
which offer intriguing perspectives for the design of metamateri-
als. Chirality has been experimentally observed in biological
active systems consisting of elongated flexible bodies, such as
cytoskeleton filaments®® and protofilaments in bacterial cells,**
while several bacteria themselves are chiral.>® Despite the
huge theoretical work on active polymers®*~® (i.e., filaments
consisting of self-propelled particles), the role of chirality in these
systems has been poorly explored.

Here, we discover a spontaneous folding transition in chiral
active polymers; i.e., chain-like structures consisting of chiral
active monomers that rotate with a constant angular velocity.
This transition is powered by a self-wrapping mechanism that
leads to spiral-like configurations characterized by a finite average
winding number. The self-wrapping process occurs spontane-
ously without attraction or alignment interactions and is observed
when each monomer self-rotates with a sufficiently large angular
velocity. This phenomenon is responsible for polymer collapse
despite the absence of attractive interactions between the funda-
mental polymer units. Our results are obtained via active granular
experiments*®° designed to include chirality. After fabricating
chiral active granular particles (Figures 1A-1C), which exhibit
circular trajectories (Figure 1C), we linked them together to create
a chiral active granular polymer with a tunable structure. The
experimental results presented here are supported by numerical
simulations that elucidate the role of chirality as the primary mech-
anism driving the spontaneous folding transition.
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Our findings highlight the crucial role of chirality in active poly-
mers in self-organization phenomena. The self-wrapping mech-
anism paves the way for the design of autonomous soft, multi-
component robots with a degree of deformability. Rotations in
the single components of a robot may be employed to enhance
the cohesivity of the whole robotic structure. These robotic
agents may use self-wrapping in a biomimetic spirit, exploiting
the rolling-up strategy of pangolins and armadillos to protect
themselves against predators.

RESULTS

Chiral active granular particles

We design chiral active granular particles as 3D-printed plastic
objects with broken translational and rotational symmetry. These
particles possess a cylindrical body (Figure 1A) and multiple legs
that contact a vibrating baseplate. Under vertical vibrations
generated by an electromagnetic shaker, these particles exhibit
stochastic motion, the characteristics of which depend on the
design of their legs.”” Tilting all legs in the same direction induces
direct self-propelled motion at speed vq for a typical duration,
defining the particle persistence time, t. Furthermore, twisting
all legs either clockwise or counterclockwise disrupts rotational
symmetry (Figures 1B and 1C), resulting in a self-rotating motion
with a typical angular velocity, w. This constant angular velocity,
generated by a constant torque, will be referred to as chirality, as
usual in the context of active matter. The superposition of these
effects enables the granular particles to execute circular
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Figure 2. Self-wrapping in spontaneous
folded configurations

(A and B) Experimental snapshot configurations at
the initial and final time. The red monomer is
anchored to the middle of the plate, while the blue
monomer is the free-to-move polymer head. The
blue arrow denotes the polymer collective rota-
tions around the plate center.

(C and D) Polymer center-of-mass position (Xc)
(C) and angular position @, (D) calculated from the

Anchored

monomer center of the plate as a function of time t. Mea-
surements are obtained for a polymer with N = 60
Moving monomers.

(E) Winding number Wrelative to the free-to-move
polymer head as a function of time t, showing the
polymer self-wrapping. Here, a horizontal line
marks the value — 1 splitting configurations where
the polymer head is self-trapped (yellow) and un-
rolled (gray).
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monitoring the time trajectory of the
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trajectories (Figure 1D) with a typical radius R ~ vo/w. Therefore,
our objects behave as chiral active granular particles. Further de-
tails about the experimental setup are reported under methods,
while single-particle chiral motion, including the mean-square
displacement®®°° and the diffusion coefficient,*®° are reported
in Note S1 and Figures S1 and S2).

Chiral active granular polymers

An experimental realization of a chiral active polymer is realized
by linking the centers of chiral active granular particles with a
rigid rod capable of free rotations (Figure 1E). This configuration
allows us to create a flexible chain of granular particles, each of
which independently exhibits circular motion (see methods for
further details). Here, the polymer is considered chiral because
it consists of monomers that are all chiral in the same direction
in such a way that the average chirality (average angular velocity)
over the whole chain is not zero. To avoid collisions with the
container’s boundary in experiments, we anchor the end of the
polymer to the center of the plate (Figures 2A and 2B). At first,
we observe that our polymer behaves overall as an elongated
structure with an intrinsic degree of chirality. This is evident by

the x component (x;), shows time oscilla-
tions (Figure 2C), while the center-of-
mass angular position @, from the center
of the plate, increases from —zto r as a
function of time t (Figure 2D). This
behavior can be explained by recognizing
that the polymer’s center of mass be-
haves as a chiral active particle with a
non-zero average angular velocity.

Spontaneous polymer folding

Even starting from unrolled initial con-

figurations with respect to the free-
to-move polymer head, the system spontaneously evolves
toward a spontaneous folding state, where the polymer is
permanently enrolled around its head (Figure 2B). This
steady-state configuration is induced by a self-wrapping mech-
anism, observed both experimentally and numerically. In
the folded configuration, the free-to-move polymer head is
completely surrounded by other monomers, which effectively
induces a self-trapping mechanism (Video S1). These sur-
rounding monomers hinder the motion of the polymer
head, preventing it from easily escaping and unfolding the
polymer. Consequently, once this configuration is reached,
the polymer can be considered to be in a metastable state.
This behavior is confirmed for various polymer lengths (number
of monomers N) and is independent of the initial configurations
(Note S2; Figure S8). This effect is entirely due to chirality;
the circular trajectories do not easily allow the monomers to
find the correct path to unfold the polymer.

To quantify the self-wrapping mechanism, we study the wind-
ing number, W, calculated on the free-to-move polymer head
(Figure 2E). By describing the polymer as a continuous curve
connecting the monomers, this observable counts the total
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Figure 3. Chirality-induced unfolding-folding transition
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(A and E) Average winding number (W) as a function of the number of monomers N from experiments (A) and simulations (E).
(B and F) Average gyration radius (Ry) as a function of N, from experiments (B) and simulations (F). In (F), pink dots are obtained under experimental conditions
with chirality @ = 4 s~" and green dots with @ = 0.1 s". Pink and green lines fit the functions ~ N'/2 and ~ N®/4, while dashed black lines show the ~ N scaling.

(C) Probability distribution, Prob(Rg), of the polymer gyration radius Rg.

(D) Prob(Ry) for the rescaled gyration radius Ry /N. Both (C) and (D) are obtained for N = 60,45,30.

(G) (W) as a function of the chirality o.
(H) (Ry) as a function of .

(G) and (H) are calculated from simulations. Vertical dashed lines in (G) and (H) mark the critical value of ® where the folded-unfolded transition occurs. In (A)-(H),
self-wrapping occurs if the winding number is smaller than —1 (yellow region). Errors in (A)-(H) are calculated from the standard deviation. When error bars are not
present, these errors are smaller than the point size. The parameters of the simulations are reported in Tables 1 and 2.

number of loops performed around the polymer head (see
methods for the definition of W). At the initial time, when the poly-
mer is unrolled with respect to the head, W(t) ~ 0. After a tran-
sient period, W(t) reaches values smaller than — 1, indicating
that the polymer performs at least one loop around the head.
In this case, self-wrapping is achieved, and the polymer reaches
a folded configuration. This effect is not observed for N < 15,
while it becomes stronger as N is increased until it approaches
values close to —2 for N = 60. This is shown by studying the
average winding number (W) as a function of N (Figure 3A).

Chirality-induced unfolding-folding transition

The mechanism that leads to folded configurations is purely
based on chirality. This idea is confirmed through simulations
using a minimal model, consisting of a chiral active polymer with
N monomers. Each monomer behaves as a chiral active granular
particle, exhibiting underdamped active dynamics in the presence
of chirality (methods). Linked monomers interact via a strong
harmonic potential with a finite resting length, ensuring that the
distance between them remains fixed. Additionally, excluded vol-
ume is modeled through a purely repulsive potential. Simulations
qualitatively agree with experiments, showing that the average
winding number (W) monotonically decreases with N, and self-
wrapping is achieved for a polymer length N ~ 20 (Figure 3E).
The quantitative discrepancy between experiments and simula-
tions (smaller values of (W) for large N) can originate from dissipa-
tive effects during collisions or additional torques due to rotational
friction in experiments. However, simulations show that these
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interaction mechanisms are not crucial to observing self-
wrapping.

Numerical simulations are used to investigate the main
mechanism behind our experimental findings. Specifically, we
observe that an increase in chirality w induces a folding transi-
tion (Figure 3G), where we use the average winding number (W)
as an order parameter. For chirality values below a critical
threshold w < w¢, (W) is close to zero, and the polymer remains
unfolded (Video S2). For w>wc, by contrast, (W) is smaller
than —1, and the polymer reaches a folded configuration
(Videos S3 and S4). This is confirmed by varying the polymer
length by considering different numbers of monomers N.
For small chirality, the polymer can easily disrupt a folded
configuration because the head persistently moves in the
same direction, pushing other monomers away. However, this
disruption does not occur with large chirality, where the
polymer head follows circular trajectories with a small radius,
significantly reducing its effective persistence and thus its
ability to push away other monomers.

Self-wrapping and polymer folding are observed only if all the
monomers have the same chirality. This is checked in Note S5
and Figure S7, where we have numerically proven the absence
of the folding transition if neighboring monomers have the
same chirality magnitude with different signs. In this case, neigh-
boring monomers tend to rotate in opposite directions, counter-
acting each other and suppressing self-wrapping. This implies
that the folding transition is observed if the whole polymer is chi-
ral, where the chirality of the polymer can be defined as the
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average chirality over the chain of monomers. In addition, the
spatial distribution of the monomers’ chirality along the polymer
chain matters; if a large block of monomers is characterized
by the same clockwise (counterclockwise) chirality, then it is
possible to also observe partial folding if the total chirality of
the polymer is zero (Note S5; Figure S6).

To observe a long-time persistent folding, it is necessary
that chirality—the angular velocity induced by a constant tor-
que—does not reverse over time. As shown in Note S5 and
Figure S6, if chirality is subject to stochastic dynamics able to
turn clockwise chiral monomers into counterclockwise chiral
monomers over time, then the folding transition is suppressed.
However, if the changing rate of chirality is small, then the
polymer may switch from a clockwise self-wrapped to a
counterclockwise self-wrapped configuration passing through
an unfolded state. This may cause the formation of tangles in
an interacting system of chiral active polymers, as shown exper-
imentally in the case of worms.®’

We remark that the mechanism leading to self-wrapping has
some analogies to the mechanism responsible for enhanced
clustering of passive particles in active baths.®® Specifically,
clusters of passive particles are stabilized when the turning
rate of active particles on colliding with passive ones is large.
This turning rate is set by the ratio of the interaction torque and
viscous drag, while, in the present study, it is set by the ratio of
the active torque to the substrate friction. However, while in
Gokhale et al.®® the handedness of the torque is unimportant,
here, having monomers with the same chirality along the chain
is a crucial ingredient.

Chirality-induced anomalous Flory exponent

To extract information about the polymer’s internal structure,
particularly its compactness, we measure the gyration radius,
RS = Y% — (x)\Q, where the average is taken over all mono-
mers. In polymer physics, it is known that (Ry) scales with the
number of monomers N following a power law Ry ~ N¥, where
vis called the Flory exponent.®® This exponent primarily depends
on the system’s dimensions, and, for passive polymers consist-
ing of repulsive particles, it can be exactly calculated through the
free energy minimization: in two dimensions, v = 3/ 4.

The spontaneous folding observed experimentally results in a
gyration radius governed by an anomalous Flory exponent, v~
1/2, despite the presence of excluded volume effects; i.e.,
pure repulsion between different monomers. This information
has been derived from calculating the steady-state average
(Rg) (Figure 3B) and the distribution of the gyration radius,
Prob(Ry) (Figure 3C). Indeed, the distribution Prob(Ry) obtained
for different N collapses by rescaling (Rq)—Rq/N'/? (Figure 3D).
This result is confirmed by numerical simulations where the
exponent v = 1/2 is measured for larger polymer lengths N
(pink data in Figure 3F). The change of the Flory exponent from
v = 3/4 (passive value) to v = 1/2 (chiral active value) is uniquely
induced by chirality. This is numerically checked by considering
an active polymer with low chirality where the folding transition
is not observed and, consequently, v~3/4 (green data in
Figure 3F). We note that v = 1/2 in two dimensions is consistent
with the collapse exponent, confirming the spontaneous folding
observed in both experiments and simulations. As a result, the
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average gyration radius can be used as an alternative order
parameter to quantify the chirality-induced folding transition.
Indeed, (Ry) as a function of o displays a sudden jump from
large values where the polymer is unfolded to a plateau value
that is close to the minimal length compatible with a folded
configuration (Figure 3E).

Effective attractions governing chiral active polymers
Simulations with a non-anchored polymer in a box with periodic
boundary conditions demonstrate that the self-wrapping is not
due to the polymer anchoring. In this case, self-wrapping can
be quantified by calculating the average winding number (W)
defined by Equation 8. By symmetry, half of the polymer self-
wraps around the head and half around the tail, displaying
two spiral-like configurations in the same (clockwise)
direction (Figure 4A), similar to Anand®” (see also Note S3 and
Figure S4). This implies that self-wrapping is more difficult to
achieve for a non-anchored polymer; the required N is twice
the one observed in the anchored case.

By systematically varying the polymer length (i.e., the number
of monomers N) and the chirality o (other parameters are chosen
from experiments; see Table 2), we confirm the scenario shown
in Figure 3G. The folding transition is achieved for N Z 30 (corre-
sponding to N 15 for a non-anchored polymer) for a critical
value w. which is almost constant with N (Figure 4B). Indeed,
the polymer length, NL, should be large enough to allow the poly-
mer to self-wrap. This requires that NL is larger than the typical
radius of the circular trajectory vo/w so that NZN: = vo/(wl)
(or, equivalently, w > vq/(NL)). This condition is satisfied in exper-
iments where N % 1, and, thus, self-wrapping always occurs if
there are enough monomers to surround the polymer head.
The threshold value in ® arises from a different mechanism;
self-wrapping occurs when the radius of the circular trajectory
vo/w is smaller than the persistence length of the active force
vor, where = = 1/D,. This implies that the folding transition
can be observed for w>1/r (dashed black line in Figure 4).
This scaling law is numerically confirmed in Figure 4C (dashed
black line) in the plane of w and t at fixed N. This scaling stops
to hold for low values of w when the condition w>vo/(NL) is
not satisfied (red dashed line).

To theoretically explain the polymer collapse, observed exper-
imentally and numerically, we derive the effective interactions
governing the dynamics of non-linked monomers. Specifically,
we consider an effective equilibrium approach originally derived
by Fox®® and recently applied to non-chiral active matter.5-¢”
Here, the method is applied to chiral active particles (see Note
S6 for the derivation) and maps the interplay between chiral ac-
tivity and repulsive forces due to steric interactions on an effec-
tive potential, Ve (r), with an attractive part (see Equation S35 for
the final prediction). Indeed, the persistent motion typical of chi-
ral active objects allows them to remain stuck to each other for a
typical persistence time as if the two particles were kept together
by weak attractive interactions. In our chiral active polymer,
these effective attractive forces mainly rule the dynamics of
distant monomers. Indeed, neighboring monomers are kept at
a constant distance by the potential Ujx. By contrast, mono-
mers placed far apart in the polymer chain are not directly linked
and can move persistently against each other. Consequently,

Newton 7, 100253, November 3, 2025 5




Please cite this article in press as: Caprini
newton.2025.100253

et al., Spontaneous self-wrapping in chiral active polymers, Newton (2025), https://doi.org/10.1016/j.

¢? CellPress

OPEN ACCESS

Newton

5}
of
-5}

A
o
~
>

©®© e o o
® e 006

w m/y

10

/
®© @/ o

y/o
® ©@ O/ 0O

-10

Figure 4. Phase diagrams for non-
anchored polymers and effective attrac-
tion

(A) Self-wrapped and open configurations for a
non-anchored polymer numerically explored with
N = 100.
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they are subject to the effective attractive interactions predicted
theoretically. This effective attraction survives for a broad range
of chirality values (Figure 4D) in the experimental conditions of
our chiral active monomers and, thus, provides a qualitative,
effective explanation for the polymer folding transition. As a
result, this prediction explains the 1/2 Flory exponent observed
experimentally and numerically for large chirality. Indeed, this
exponent is the one that can be measured for a generic
collapsed polymer; for instance, a passive one where distant
monomers attract each other.

DISCUSSION

Here, the interplay between chirality and body flexibility is inves-
tigated by experimentally studying a granular polymer consisting
of chiral active particles. We discover that chirality significantly
alters the polymer’s conformational properties, leading to a
spontaneous folding that has no equilibrium counterpart, as
supported by numerical simulations. This result is induced by a
self-wrapping mechanism that leads to spiral-like configurations
and represents a spontaneous dynamical collective phenome-
non generated by the independent rotations of each monomer.
The intrinsic chirality often found in natural polymer units can
explain the folding of proteins or biological filaments as well as
self-encapsulation mechanisms for defense purposes.

A similar self-wrapping effect and folding transition can be
observed for a chiral (eccentric) active polymer evolving in three
dimensions. On one hand, we expect that the dimensionality in-
crease hinders the folding transition, which may require larger
chirality values to be observed. On the other hand, the self-wrap-
ped configurations could promote enhanced entanglement

6 Newton 7, 100253, November 3, 2025

1.6 2

are reported under methods (Tables 1 and 2).
r/c

effects. Indeed, the rotating motion of each monomer could pro-
mote expected knotting phenomena compared to the passive or
non-chiral counterparts. In addition, our theory also applies in
three dimensions and for vanishing chirality. Therefore, it can
qualitatively explain the globular or compressed configurations
typically observed in polymers subject to tangential activity.*®°®

The experimental folding transition is reproduced numerically
by simulating a chiral active polymer with a fully flexible struc-
ture. This means that chiral active monomers only interact
through excluded volume effects and forces between neigh-
boring particles, which keeps the monomer distance fixed. Since
the linkers connecting the monomers are free to rotate, this fully
flexible structure reproduces our experimental results, and we
do not need to include a bending stiffness contribution; i.e., a po-
tential force that quantifies how resistant an elongated structure
is to bending. This additional force, which typically characterizes
semi-flexible polymers, favors elongated configurations. Conse-
quently, its primary effect is to suppress the folding transition
(see Note S4 and Figure S5 for further details on this numerical
study). However, for intermediate values of the bending stiffness,
we observe partial folding; the monomers close to the anchored
one remain preferentially in elongated configurations while the
remaining monomers self-wrap around the free-to-move
polymer head. Beyond these preliminary results, we expect
that chiral active semi-flexible polymers may reveal intriguing
conformations and collective phenomena in future studies.

Our results challenge the conventional polymer theories appli-
cable in equilibrium, showing that anomalous values of the Flory
exponent can arise spontaneously as a non-equilibrium effect.
The presence of chiral activity drives the polymer far from
equilibrium and allows us to observe folded polymer
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configurations even without attractions. The self-wrapping phe-
nomenon observed experimentally and numerically is a general
property of polymers characterized by rotating units, here ob-
tained by considering monomers with chiral dynamics. Similar
self-wrapping phenomena can be potentially realized in poly-
mers where rotations are induced by magnetic fields, with poten-
tial applications in swarm robotics, where each unit has a degree
of flexibility and is sensitive to magnetic forces.

METHODS

Experimental setup

To conduct our experiment, we employed a standard vibrating
table, a well-established tool for inducing vibrational excitations
in granular materials. Our setup comprises an acrylic baseplate
with a diameter of 300 mm and a height of 15 mm, comple-
mented by an outer plastic ring that confines the particles within.
Vertical vibrations are generated by an electromagnetic shaker
affixed to the acrylic baseplate. Horizontal alignment was
meticulously adjusted to minimize the influence of gravitational
drift. Additionally, we placed the setup on a substantial concrete
block to counteract resonance effects with the environment.
Our choice of shaker frequency f and amplitude A was critical
for achieving stable excitation without particle spillage. We
operated at f = 120 Hz with an amplitude of A = 24(1)um,
ensuring quasi-2D particle motion on the baseplate.

Active chiral particle design

The particles used in our study are 3D plastic objects created
through 3D printing.®® Each particle possesses cylindrical sym-
metry and consists of a main body with multiple laterally
attached legs. The particle body is composed of two primary
components: (1) a cylindrical core with a diameter of 9 mm and
a height of 4 mm, designed to stabilize the particle by lowering
its center of mass vertically, and (2) a larger cylindrical cap
with a diameter of 15 mm and a height of 2 mm, which defines
the particle’s circular horizontal cross-section. This cap serves
as the attachment point for seven cylindrical legs, each with a
diameter of 0.8 mm. These legs are distributed regularly around
the core, forming a heptagonal configuration. The legs make
contact with the ground, resulting in a total particle height of
7 mm, with a vertical leg height of 5 mm, and the core is sus-
pended 4 mm above the ground. On average, each particle
has a mass of m = 0.83 g, and its moment of inertia, determined
by the particle’s shape, is J = 17.9 g mm?,

To induce self-propelled motion, we introduce a disruption
of the particle’s translational symmetry by tilting all legs at a
constant angle, «, in the same direction. This angle governs
the particle’s polarization and is indicated by a white spot
attached to the particle’s cap. A larger o corresponds to a higher
typical particle velocity. We set a to 4° relative to the surface
normal. Self-rotational motion is achieved by perturbing the
cylindrical symmetry of the particle’s legs. In this case, all legs
are additionally twisted at the same angle of 3.4° relative to the
vertical, in the counterclockwise direction (so that the particle
rotates counterclockwise). A larger twisting angle results in a
higher particle angular velocity and, thus, circular trajectories
with a smaller radius. Circular motion is attained by simulta-
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neously tilting and twisting the legs, combining translational
and rotational symmetry-breaking mechanisms.

Dynamics of a chiral active granular particle
We characterize the dynamics of particles through a parametric
approach based on modeling their motion using stochastic
models for the particle dynamics. Specifically, the particle dy-
namics are described by the inertial active Brownian particle
model, which encompasses underdamped dynamics for transla-
tional and rotational motion, which are coupled by the particle
activity. The translational motion of an active vibrobot with
mass m, position x, and velocity v = x is well-represented by a
2D stochastic differential equation that balances inertial, dissipa-
tive, and active forces’®:
mV + pV = y\/2DE+ pvon . (Equation 1)

Here, € is Gaussian white noise with zero average and unit
variance, while y and D; describe the friction and the effective
translational diffusion coefficients, respectively. The active
driving force is defined by yvgn, where vq represents the typical
speed value, and n = (cos 6,sin ) is the orientation vector
calculated from the orientational angle 6.

The rotational dynamics of a particle, characterized by its
moment of inertia J, is governed by an additional equation of
motion for the angular velocity Q = é:

JQ = — 3, Q+y,V/2Dm+7,0. (Equation 2)

Here, n represents Gaussian white noise with zero average
and unit variance, and y, and D, are the rotational friction and
rotational diffusion coefficients, respectively. Finally, the angular
drift @ determines the particle chirality and represents the typical
angular velocity of the chiral active particle.

Chiral active polymer design

Our chiral active particles feature a vertical central bar with a
diameter of 1 mm, which resembles a slender rod. These bars
are designed to facilitate the connection of two or more chiral
active granular particles. This connection is achieved using
3D-printed rods, approximately 22 mm long, with a thickness
and height of 3 mm. These plastic linkers are perforated at their
ends, allowing them to be inserted into the vertical bars; the
internal hole of these linkers has a radius of 2 mm. By connecting
two chiral active granular particles, we can form a dimer. Con-
necting two or more dimers enables the creation of a polymer
consisting of N monomers.

Dynamics of a chiral active polymer

With this setup, the friction between slender rods and particles is
negligible, allowing the link to be effectively approximated solely
as an interparticle force. This implies that the orientation of each
monomer can be described Equation 2 without any torque inter-
actions. By contrast, the translational dynamics of the center of
mass of each monomer are governed by Equation 3 with an addi-
tional interaction force F;, so that

mv; + yV; = yy/ 2D +yvon; + F;, (Equation 3)
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Table 1. Interaction parameters Table 2. Parameters of a single chiral active particle
Parameter Parameter value Parameter Parameter value
o 15 mm Vo 56 (4) mm s~ !
L 22 mm Y 27 (2)gs
k 108 gmm? s 2 Dy 3.7 (0.2) mm? s’
€ 1gmm?s2 D, 0.71 (0.01) s '
® 3.98 (0.05) s~ '
7 244 (30)gmm? s~ .
with i = 1, ..., N. The interparticle force is obtained by an

interaction potential F; = — V,Uy, which models the volume
exclusion effect between different particles and the fixed dis-

tance between the particle centers:
Utot = Uex +Ulink - (Equation 4)

Here, the exclusion is modeled by the potential

N
Uex = ZUWC/M

i<j

(Equation 5)

where Uyca is the Weeks-Chandler-Andersen potential given by

Unen = 4¢((5)" - (2)7).

The parameter o represents the particle diameter, while € de-
termines the energy scale of the repulsion. The inter-monomer
links are modeled by the following potential:

(Equation 6)

N-1
Uink = ZL Z (X1 — xi| — L)27 (Equation 7)
where L is the distance between neighboring monomers and k
the constant of this potential. The parameters’ value is reported
in Table 1.

The dynamics of an anchored polymer are obtained by fixing
the tail position to the origin and the dynamics of a non-anchored
polymer by evolving all monomers in a box with periodic bound-
ary conditions.

Estimate of the particle parameters
The interaction potentials’ parameters are selected to ensure
that o represents the nominal particle diameter and to prevent
large distance fluctuations between connected monomers. In
contrast, the intrinsic parameters of the individual chiral active
particle are determined using a fitting algorithm that assesses
translational and angular velocity distributions, mean-squared
displacement, and mean angular displacement. Experimental
outcomes are compared with simulation results obtained from
Equations 2 and 3, iteratively adjusting parameters such as vy,
Y, 7r» Dr, Dt, and . Initially, these observables are evaluated
with a predefined parameter set. Subsequently, a Nelder-Mead
optimization scheme is employed to minimize the overall devia-
tion from the experimental data, iteratively searching for the
optimal parameter set. Our estimate of the model parameters
is reported in Table 2.

We observe that, at the shaker conditions considered, the
persistence time 1/D, = 1.4 s is larger than the other typical

8 Newton 7, 100253, November 3, 2025

times governing the dynamics; i.e., the chiral time 1/w = 0.25
s, the inertial time m/y = 0.030 s and the rotational inertial
time J/y, = 0.73 s. Therefore, inertia does not play a funda-
mental role in the dynamics of our experimental chiral active
particles.

Winding number calculation

To calculate the number of complete rotations the polymer
makes around the free-to-move monomer (head), we introduce
a winding number, W, as follows (Figure 5): (1) we calculate the
unwrapped angle f; formed between the horizontal axis and
the vector linking the generic monomer j and the polymer head
(marked in blue in Figure 5), and (2) we calculate the difference
between consecutive angles without encountering discontinuity
issues, since angles are unwrapped.

For a polymer with N monomers and assuming that the
polymer head is identified as the monomer withj = 1, the wind-
ing number W is defined by summing the angles f; formed by all
remaining monomers (j > 1) so that

1N1
:Z[Zﬂ/”

1=

(Equation 8)

With this definition, a positive winding number is measured
when the polymer is wrapped counterclockwise around the
polymer head, while a negative winding number is obtained
when the polymer is wrapped clockwise. Since the angles f;
are unwrapped, W can assume values larger than 1, which ac-
count for more than one round around the polymer head.
Finally, the 2z normalization allows us to identify W as the num-
ber of clockwise or counterclockwise rounds around the poly-
mer head.
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Figure 5. Winding number

The illustration shows the definition of the winding
number, W, with respect to the free-to-move
polymer head (marked in blue). Wis calculated by
summing the unwrapped angles g; formed by the
horizontal axis (black dashed line) and the dis-
tance between the monomer j and the polymer
head (red dashed line).

W= > (B = 5)
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publication. A file to reproduce the design of chiral active granular par-
ticles forming the chiral polymer is available online at https://zenodo.
org/uploads/15105172.

® Any additional information required to reanalyze the data and data
supporting the plots within this paper is available from the correspond-
ing author upon request.
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