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Abstract

Helices made of polymeric elastic filaments have been the target of considerable
and growing interest in past years, given several potential applications. Although
the underlying mechanisms responsible for the formation of such helices are still not
sufficiently understood, recent results suggest they may result from buckling insta-
bilities emerging from torsion in the extremities or when there is asymmetry across
the filament’s cross section. Also, the occurrence of perversions (regions where the
helical handedness changes) has attracted considerable interest in a number of theo-
retical works, but the possibility of creating more than a single perversion, and thus
control the geometry of helices and perversions in the resulting filament, has been
given much less attention, despite its clear importance. In this paper, we present
coarse-grained Molecular dynamics (MD) simulations that show it is possible to rep-
licate the formation of helices and perversions within certain conditions, and which
complement information available from experimental approaches. We show how the
helical radius can depend on the strength and the asymmetry of the pairwise interac-
tions, the filament’s aspect ratio, and the strain rate of recovery, and we discuss in
detail how perversions occur. The bonding potential parameters were found to have
a small effect on the number of perversions, while the strain rate exhibited a sig-
nificant effect, namely, an increase in 200-fold of the strain rate can induce as many
as eight times more perversions for an aspect ratio of 200 (and three times more
perversions for an aspect ratio of 50). The increase in the pair-wise interaction stift-
ness leads to lower loop diameters and higher number of loops, while an increase in
the pair-wise equilibrium distance leads to larger loop diameters and consequently a
lower number of loops; however, both these parameters exhibit a strong dependence
on the aspect ratio. It was also found that an increase in the surface modification by
30% leads to an increase in circa 2.3 times the number of formed loops, while the
average loop diameter decreases by circa 40%. From these results emerges a better
understanding of how to tailor the geometry of the studied polymer elastic filaments,
vital information for the design of next-generation nano-mechanical systems, such
as those obtained by nano-patterning of soft materials.
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Graphical abstract
Different number of perversions resulting from different strain rates during deforma-
tion (strain rate of case a is 200 times that of case b)

Introduction

Since the discovery of helically coiled plant tendrils, there has been great interest in
the study of the mechanisms that create these helicoidally shapes both from mechan-
ical and functional perspectives, given the potential application of helices made of
elastic filaments [1-3]. The most important of these works was made by Darwin in
1876 [4], when he observed that the tendrils of climbing plants often assume con-
figurations consisting of subsequent helices of opposite handedness. The formation
mechanisms for such helices are still not well understood, but recent results have
indicated they may be due to buckling instabilities that naturally emerge when there
is torsion in the extremities or asymmetry across the filament’s cross section. Sev-
eral different treatments (e.g., thermal, friction or radiation) can induce such asym-
metry, which means this can be easily obtained in practice [5, 6]. In addition, these
effects can be observed on filaments at different length scales; both micro-filaments
and nano-filaments form this sort of structure.

The transition between the different helical segments is referred to as “perver-
sion.” Perversion is a classical pattern that can be observed in naturally curved rods.
It consists of a junction between two helices with opposite chiralities. Similar con-
figurations can often be observed for example in tangled phone cords or in elec-
trospun fibers. Chirality is also frequently observed for cellulose-based helices in
plants and has been shown to be reversible [7]. Perversions are shown to occur in
the stationary solutions of Kirchoff’s equations [8—10] and belong to a general class
of solutions that can be derived in nonlinear analysis by connecting two compet-
ing equilibrium configurations, which are here the right-handed and left-handed
helices in the presence of natural curvature. A study on cucumber tendrils [1] clearly
shows that tendril coiling occurs via asymmetric contraction of an internal fiber rib-
bon of specialized cells. In the coiled shape, we can see different internal cells near
one side of the surface, which indicates that through surface modifications, we can
obtain helically coiled shapes from straight filaments. However, the possibility of
creating more than a single perversion has been given much less attention [11]. Peri-
odic tendril perversion has also been observed in crystalline chain structures, based
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on various compounds, and again asymmetries are reported to play a role in the for-
mation of the helical structures and perversions [12].

In the past decade, Reneker et al. described how micro-helical structures could be
produced with different materials [13]. Later on, Yu et al. [14] reported on the fabri-
cation of micro-helical structures with controlled helical pitches and using an ingre-
dient familiar to the textile industry, polycaprolactone (PCL). In this work, optical
images are shown with several entangled helices. Nevertheless, that work does not
study how helices become entangled or what are the relevant mechanical properties
of the resulting materials. In the literature, some other works reported the production
of helical fibers by electrospinning [15, 16]. However, in those papers, the fabrica-
tion process is not clearly detailed, and the available control over the helical param-
eters does not seem as good. Thus, there is much room for improvement in terms of
understanding the relevant parameters governing these processes. For those reasons,
computer simulations will become more important in predicting the properties and
behavior of these materials. A review on available electrospinning procedures which
can be employed for creating helical shapes similar to those found in natural materi-
als has been provided by one of us [17]. That review also describes in detail elec-
trospinning methods reported in scientific literature for a variety of polymers which
have been electrospun into fibers with diameters ranging from the nano- to microm-
eter size. A very recent review on electrospinning as a means to obtain functional
materials shows potential applications and production methods [18], highlighting
the importance of better understanding the underlying mechanisms.

Theoretical studies for the formation of helical shapes are based on early finite-
element method of Kirchoff’s rod model, but since the development of this model,
several researchers have studied and enhanced it [8—10]. Domokos et al. [11] investi-
gated mechanical spatial equilibrium of finite slender elastic rods with intrinsic cur-
vature with clamped—clamped boundary conditions and found that one can obtain
multiple perversions and that these appear in an arbitrary number and are connected
by helical segments of arbitrary length. Nowadays, several studies accept and show
that the anisotropy on the surface can create helically shaped materials. Studies
made by Wang et al. [19, 20] using Kirchoff rod models suggest that one can design
and adjust the morphology of synthesized nanohelices by tailoring or functionaliz-
ing their surfaces during fabrication. Huang et al. [21] also studied anisotropy using
finite-element methods and surprisingly show that when joining a pre-strained elas-
tomeric strip to another (unstrained), and then releasing the bi-strip, it results only in
subsequent perversions, without the presence of helical segments. Also, they found
that a helical loop has a lower energy than a perversion and that there is an energy
barrier between a perversion and a helical loop.

Other relevant studies to mention are those on motion of flexible filaments
[21-23], where symmetry breaking was shown to affect snaking-rotation transi-
tion. However, in those studies, it is hydrodynamic interaction that maintains rota-
tion curvature of a filament. Also pertinent is the work of Isele-Holder et al. [24]
on stable spiral formation of single flexible filaments, albeit using 2D Brownian
dynamics simulations. Here, the dilute self-propelled filaments give rise to sponta-
neous formation and break-up of spirals. Also interesting is the prediction of curva-
ture using beam theory with polymeric bilayers, namely for polyolefin thermoplastic
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elastomers, where the authors found curling and twisting after high strain deforma-
tion and subsequent release [25]. Last, Wada [26] proposed an analytical model to
predict the emerging helical structure in thin elastic composites, where the twisting
and bending mechanisms were found to be influenced by the stiffness of the material
and the induced strain.

In polymer science, entanglements have been described according to the reptation
model [27]. Consequently, they are understood as fluid dynamical links, that can be
destroyed and created in time and which can be best used to describe viscoelastic
properties of materials. However, in a rapid communication to Soft Matter [28], it
was shown that physical interactions alone can produce stable and localized links in
helical structures, indicating the existence of another type of entanglement. These
localized entanglements were called Physical PseudoKnots, PPKs. The new finding
was experimentally validated with mechanical springs, where it was shown that the
energy required to form PPKs could be at least two orders of magnitude smaller than
the energies required to destroy them. PPKs can be widely observed in the macro-
scopic world in helical structures, like springs. PPKs use only physical interactions
and are generated with little energy through a ratchet mechanism. This mechanism
establishes that only for certain helical pitch to helical radius ratios can PPKs be
formed. As a first step before attempting to explain the mechanisms behind the for-
mation of PPKs, the present work is focused on the formation of helical structures
from linear elastic filaments.

We intend to study this phenomenon through Molecular dynamics (MD), which
was introduced by Alder and Wainwright in 1950, allowing the study of material
behavior at the molecular level [29]. Nowadays, MD is widely used for simula-
tions of material systems from the atomistic level to the mesoscale. One of its main
advantages is that time is an explicit variable, allowing simulations of equilibrium
properties and time-dependent ones; this is an essential characteristic for the sim-
ulation of viscoelastic materials, as shown in several polymer mechanical studies
[30—40]. MD not only predicts the exact configuration of a system at a given time
instant, but also allows estimating the system behavior through statistical or aver-
aging methods [41]. Therefore, the macroscopic properties arise as averages along
a statistical representative group of the molecular systems in equilibrium or non-
equilibrium. However, MD simulations are limited to systems with relatively small
timescales, particle numbers and steps without the loss of atomic resolution, even
when acceleration techniques are used [42].

The main objective of this work is to develop molecular dynamics simulations
that from linear filaments spontaneously create the aforementioned helically coiled
shape filaments and study how the relevant parameters affect the resulting geom-
etry. From this, the dynamics of perversions in electrospun fibers will become better
understood. For the simulation, we change the bonding parameters on the surface
of the filament and probe the resulting number of perversions, number of loops and
helical diameters of different filaments.

In Sect. "Simulation model"”, we describe the simulation model employed, as
well as the key parameters used in the simulations. In addition, we explain the simu-
lation procedure and the simulation outputs. Subsequently, in Sect. "Results", we
discuss the obtained results, focused on the effect of strain rate, extent of surface
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Fig.1 Hexagonal model: transversal and longitudinal views, at the left and right, respectively
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Fig.2 Surface modification representation. Blue spheres represent the unmodified original segments,
gold spheres represent the modified surface, and pink spheres represent the intermediate segments (par-
tially affected by the surface modification, e.g., irradiation, and thus with intermediate stiffness)

modification, and bonding parameters. Finally, in Sect. "Conclusions", we present
some concluding remarks and summarize the obtained results.

Simulation model
Model definition

We want to generate a rod-like fiber, and since we use a coarse-grained model, we
developed a quasi-continuum rod, meaning that every particle is connected to its
neighbors. Also, for purposes of simplification, we created a hexagonal rod, since
this way, in the initial shape, all bonds are at the same distance and it becomes easier
to model bonding asymmetries; see Fig. 1.

We then apply a surface modification along the fiber that experimentally could be
achieved through radiation or chemical modification. This is obtained by changing
the bonding potential in the surface, inducing anisotropy; see Fig. 2. As can be seen
in Fig. 2, the surface modification is applied with two levels of intensity to create a
softer transition.

In this study, we want to show that only through bonding and non-bonding poten-
tials, without angular or dihedral potentials, we can induce a helical configuration in
an elastic fiber. This would prove that the helical twisting arises only through bend-
ing asymmetries.
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Simulation parameters

While in previous publications [35], we employed our own molecular dynam-
ics simulation code, in this work, we used LAMMPS [43] (Large-scale Atomic/
Molecular Massively Parallel Simulator) to execute the molecular dynamics
simulations. This will enable easier reproduction or continuation of this work by
other authors. LAMMPS is a free open-source code and is designed to be easy
to modify or extend with new capabilities, such as new force fields, atom types,
boundary conditions, or diagnostics, making this program a very versatile tool.

To reproduce the simulation procedure in LAMMPS, it was needed to develop
a script containing all the parameters and constraints described above. Also, we
registered the beads trajectories for the purpose of visualization, calculating heli-
cal diameter, spring forces, lengths, volume, etc.

For the visualization of the simulation trajectories, we used VMD (Visual
Molecular Dynamics) [44], an open-source program which allows visualizing the
results of the simulation exported to a text file, and which is very well integrated
with LAMMPS results files. We have also used the pizza.py Python scripts for
pre- and post-processing of LAMMPS data (freely available at https://lammps.
github.io/pizza/).

All values used throughout this article are in reduced units. For time integra-
tion, LAMMPS uses a standard velocity Verlet scheme (simulation time step
of 1x1073 7). The boundary conditions used in the simulations were non-peri-
odic shrink-wrapped, meaning the simulation box expands or contracts with the
motion of the particles.

The simulations were done in the canonical ensemble, i.e., with constant num-
ber of particles N, constant volume V, and constant bath temperature T. For this
purpose, we used a Nosé—Hoover thermostat with temperature equal to 0.005 and
with a damping value of 0.001 (a low temperature to have a sort of glassy state).

The Lennard—Jones force field potential was used to define the intermolecular
or secondary interactions (bonds). This potential is also widely used to describe
this type of interaction (non-bonding interactions) in MD simulations [45]. There
are some variants of this potential, typically the most used and the one adopted in
this study is the Lennard-Jones 12—-6, described by:

12 _ 6
Epnss = {48[("/ AL (M

Here, r is the distance between a pair of non-bonded particles, and the parame-
ters € and o are the energy well depth and the distance between particles at which
the energy becomes zero, respectively. Typically for computational efficiency,
this potential has a cutoff distance, meaning that from this distance, further, the
potential is equal to zero, which is not calculated by the program. The coeffi-
cients chosen for this potential are their canonical values: 6 =1; e = 1; r. = 1.8.
The employed cutoff distance results from years of experience of the authors with
molecular dynamics simulations using Lennard—Jones potentials [35-37].
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Table 1 Parameters used in the simulations

Diameter (¢) Aspect ratio (L/D) K1/KO0 Modified surface (%) c1/60
3 50; 100; 200 0.5;1;1.5;2 57 0.66; 0.75; 0.83
5 50; 100; 200 05;1;15;2 16; 26; 36; 47 0.75
K1/Ko 1/ o
(a) 05 emmm! =15 =2 (D) 0,66 e===0,75 e=——0,83 e—1
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Fig.3 FENE bond potential with different K ratios (a) and o ratios (b)

The force field potential chosen to define the intramolecular or primary interac-
tions was the FENE (Finite Extensible Nonlinear Elastic) bond potential, developed
by Kremer and Grest [46—48]. This potential is widely used in MD and is defined by
the following equation:

2
Epppa = _%KoRozln 1- <RL0> +4el(o/r )" = (/)1 +er <Ry (2)

where r is the distance between a pair of bonded particles. Here, r < R, where K| is
a spring constant and R is the maximum extent.

For the unmodified part of the filament, the coefficients used for the simulation
are K, = 150; 6 = 1; ¢ = 1; Ry = 1.2. The average bond length with these param-
eters is0.97¢. The values used for the modified surface (K,) are with respect to the
unmodified part (K,) and are described by their ratios as shown in Table 1. The
values of the aspect ratio were selected based on ranges in natural materials such as
wood cellulose nanofibers [49, 50], the extent of surface modification comes from
experimental work done by some of us and collaborators [17, 51], and the K and
o values come also from previous work with MD by some of us and collaborators
[35-37].

As seen in Table 1, the parameters studied are the fiber aspect ratio and K bond-
ing parameter effect. The o parameter effect was only studied for diameter 3. The
extent of surface modification was studied only for diameter 5.

Looking at Fig. 3a, it can be easily seen that by changing K, the attractive part
of the potential is changed; higher K makes it harder to stretch a bond from the
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Fig.4 Perversion observed in the process of curling and wrinkling of an electrospun fiber (authors’
image)
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Fig.5 Simulation procedure. Blue spheres represent the unmodified original segments, gold spheres the
modified surface, and pink spheres intermediate segments

equilibrium distance (where Force=0). The ¢ ratio changes only the equilibrium
distance, but keeping the shape of the curve, as shown in Fig. 3b.

Simulation procedure

To gain insight on the helical formation behavior, we use an approach that allows the
formation of helical perversions, such as those observed in both natural and artificial
systems (see Fig. 4).

Perversions can be produced by first flattening a helical spring into a flat straight
filament by pulling on both its ends (see Fig. 5-top) and progressively releasing
its ends from this straight configuration with clamped—clamped boundaries (see
Fig. 5—center), until a shape made of two mirror-symmetric helices is obtained (see
Fig. 5-bottom). The velocity of the ends release is vital in the dynamical behavior of
this procedure. The existence of perversions is due to the nonlinear behavior of the
rod. This mechanism usually generates one perversion in the middle, but occasion-
ally can produce more than one perversion.

Here, we use steered molecular dynamics [52], applying mechanical springs to
hold both ends of the filament, and defining an end-release velocity which will be
termed strain rate. Note how different this is from contorting a naturally curved
elastic rod, such as in the work presented by Lazarus et al. [53], where rotation is
imposed externally rather than generated solely from the fiber asymmetry. Note that,
the material is initially allowed to recover to a minimum energy configuration (after
the lattice-based fiber creation procedure), before the fiber ends are allowed to move.

The springs are applied to allow conformational changes in the filament and eas-
ily remove excess energy due to temperature and/or spring movement. The springs
are defined by a restoring force of magnitude F,,,,. = k(R —Ry)M;/M which is
applied to each atom in the group where k is the spring constant, M; is the mass of
the atom, and M is the total mass of all atoms in the group. Note that, k thus repre-
sents the total force on the group of atoms, not a per-atom force. The equilibrium
position of the spring is R,. To define a specific strain rate, the spring equilibrium
position is progressively changed along time.
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As mentioned above, the strain rate is very important in defining the final heli-
cal shape; we will show that this parameter is fundamental to obtain one or more
perversions.

In order to probe the helical formation mechanisms, we studied this approach
with different filaments varying diameter and aspect ratio, different surface modi-
fications varying primary interactions strength and the extent of the modified sur-
face, and varying the strain rate. Note that, the described surface modification can
be achieved through many different types of mechanisms and it is outside the scope
of this paper to discuss such mechanisms or explore their influence of the resulting
surface properties.

Results

First, we show how more than one perversion can be obtained; mainly this is given
by changing the strain rate and the aspect ratio. We then show the results concern-
ing the number of helical loops and the helical diameter. For comparison, we chose
the configurations that have only one perversion. This allows insight on the bonding
values for producing different sized helices.

The extent of surface modification is studied and then we show that the bond-
ing parameters ratios of the modified/unmodified structure give rise to different size/
shape helicoidal filaments.

For studies focused on fibrous aggregates of multiple helically wound filaments,
rather than perversions, the reader is referred to the work of Gruziel and Szymczak
[54], who used the same molecular dynamics and visualization packages (LAMMPS
and VMD), as well as a course-grain simulation model.

Strain rate effect

First, we studied the velocity effect because in order to be able to study the diameter
and number of loops with the defined procedure (independently), it is important to
obtain only one perversion. It should be mentioned that in one or two cases, this
could not be achieved, due to the fiber length, as explained in more detail below. The
parameters maintained were the diameter of 3 statistical segments with the surface
modification of 57% (see top-right illustration in Fig. 6) and 61/60=0,75.

Results clearly show that increasing the strain rate results in more perversions;
see Figs. 6, 7, 8. This can be related to the expected energy barrier between the for-
mation of a perversion and a loop reported by Huang et al. [21] that states that with
higher energy strains, the helical loop is preferentially obtained. Also, they suggest
that the velocity (strain rate) can influence the number of perversions obtained and
our results confirm this.

The effect of different velocities is illustrated in Fig. 9. Also, this shows that
it is easier to form perversions from a linear filament; however, by using the
clamped—clamped constraints and given enough tiThe results show that for higher
aspect ratios (see Fig. 8), it is harder to obtain only one perversion. This is because
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Fig.6 Perversions vs. Strain rate for different K ratios. In the cross-sectional view on the top right cor-
ner, the blue spheres represent the unmodified original segments, gold spheres represent the modified
surface, and pink spheres represent intermediate segments
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Fig. 7 Perversions vs. Strain rate for different K ratios. In the cross-sectional view on the top right cor-
ner, the blue spheres represent the unmodified original segments, gold spheres represent the modified
surface, and pink spheres represent intermediate segments

the energy associated with the perversions is lost along the filament length; thus,
when the perversions are sufficiently far from another, they can be considered spa-
tially uncorrelated. This shows that for higher aspect ratios, more perversions are
obtained, even at small strain rates.

It should be mentioned that the two types of behavior described above can be
seen in ribbons, such as those normally used for wrapping gifts.

me (lower strain rates), the perversions wind/unwind and become loops, which is
a more stable local configuration.
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Fig.8 Perversions vs. Strain rate for different K ratios. In the cross-sectional view on the top right cor-
ner, the blue spheres represent the unmodified original segments, gold spheres represent the modified
surface, and pink spheres represent intermediate segments

Fig. 9 Different strain rates and the respective difference in number of perversions. a v=0,2 and b
v=0,001. All simulation parameters are the same in a and b, namely D=3; L/D=100; K1/KO=1. Blue
spheres represent the unmodified original segments, gold spheres represent the modified surface, and
pink spheres represent intermediate segments

From these results, we chose a reasonable strain rate for subsequent studies, in
order to obtain the fewer perversions possible, preferably only one perversion. Thus,
in the simulations shown in the next sections, the strain rate is always 0.001.

Surface modification extent effect

For this study, only fibers with diameter of 5 statistical segments were used, since
these allow for different surface modification configurations (see Fig. 10). The bond-
ing parameters are K1/KO=1 and 61/60=0,75 and, as mentioned before, the inter-
mediate (purple) beads have a 61/60 of 0,83.

The simulations results show that a higher level of surface modification
results in more loops and, consequently, lower helical diameters. Also, the trends
are consistent for this study. The behavior is shown in Fig. 11. On average, an
increase from 16 to 47% modified surface leads to an increase in about 2.5 times
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Fig. 10 Different surface modifications: 16, 26, 36 and 47%, from left to right, respectively. Blue spheres
represent the unmodified original segments, gold spheres represent the modified surface, and pink
spheres represent the intermediate segments (partially affected by the surface modification, e.g., irradia-
tion, and thus with intermediate stiffness)
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Fig. 11 Extent of surface modification vs. number of loops and loop diameter, in solid line and dashed
line, respectively

more loops (in the case of the smaller aspect ratio fiber, no loop is observed at
the minimum extent of surface modification). Conversely, that increase in the
modified surface from 16 to 47% leads to a decrease in the diameter of the loops
of 56% (on average). These trends were also found to be near linear (R?>0.9).

The explanation to this phenomenon is that by having more modified (stiffer)
particles, the upper part of the filament has a larger tendency to shrink, and due
to the non-modified particles competition, this will result in helices with more
loops and lower diameters.

For the aspect ratio of 50, it was not possible to accurately measure the diam-
eter for the lower surface modification since it has very few loops; in Fig. 12, it
can be seen how the diameter changes.
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(a)

Fig.12 Fiber configuration for different extents of surface modification: a 16% and b 47%. All simula-
tion parameters are the same in a and b, namely D=3; L/D=100; K1/K0= 1. Blue spheres represent the
unmodified original segments, gold spheres represent the modified surface, and pink spheres represent
intermediate segments

o ratio effect

For this study, we evaluate the o ratio effect for filaments with diameter of 3 statisti-
cal segments, surface modification of 57% and K1/K0O=1.

The results show that for higher ¢ ratio, we obtain larger diameters and fewer
loops. This is explained by the tension that the stiffer part of the fiber (smaller o)
is under, thus leading to a larger contraction of this area and, as seen in Fig. 13, to
higher diameters and fewer loops.

On average, an increase in 61/c0 from 0.66 to 0.83 increases the diameter of the
loops by approximately 54%. Conversely, the number of loops is reduced by approx-
imately 40% (consistently for the different aspect ratios). Naturally, many more

25 - r 14.0 %
r 12.0
20 A
r 10.0 L/D 50 (Nloops)
« 8
§- 15 4 L 50 uEJ e | /D 100 (Nloops)
= S
o T == | /D 200 (Nloops)
5 60 &
-g 10 + ] L/D 50 (Diam)
=]
2z r 4.0 e = /D 100 (Diam)
> L 50 === L/D 200 (Diam)
0 T T T 0.0
0.65 0.7 0.75 0.8 0.85

K1/Ko

Fig. 13 Bonding parameter ¢ vs. number of loops and loop diameter, in solid line and dashed line,
respectively. In the cross-sectional view on the top right corner, the blue spheres represent the unmodi-
fied original segments, gold spheres represent the modified surface, and pink spheres represent interme-
diate segments

@ Springer



1942 Polymer Bulletin (2022) 79:1929-1947

loops are observed for higher aspect ratio fibers (the number of loops increasing
almost linearly with the aspect ratio). In terms of the molecular dynamics simula-
tion, the 61/c0 ratio increase corresponds to longer bond equilibrium distances, thus
allowing larger loops to form.

These results also reveal that the aspect ratio has no influence in the helical diam-
eter obtained. The slight differences in diameter are due to the initial small random
perturbation from ideal lattice positions of the initial configuration, and essentially
overlap for a large number of simulations with the same parameters.

K ratio effect

To study the bonding parameter K effect on the final helical configuration, the
chosen parameters were 61/60=0,83 and surface modification of 57% and 26%
for diameters of 3 and 5 statistical segments, respectively. Similarly to what was
described in Sect. 3.2, the helical diameter for the lowest aspect ratio with filament
diameter 5 is not measured.

The results, illustrated in Figs. 14, 15, show that as the ratio between the modified
and unmodified bonds becomes larger (higher K1/KO0), this results in smaller loop
diameters and consequently more loops. On average, an increase in four times of K1/
KO (from 0.5 to 2) leads to an increase in two to three times of the number of loops.
This effect is less pronounced as the fiber aspect ratio increases, and more pro-
nounced as the diameter of the fiber increases. Conversely, with the increase in four
times of K1/KO (from 0.5 to 2), the diameter of the loops decreases by 35-40%. This
effect is consistent for different aspect ratios and is less pronounced as the diameter
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" £ Y
o [
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Fig. 14 Bonding parameter K vs. number of loops and loop diameter, in solid line and dashed line,
respectively. In the cross-sectional view on the top right corner, the blue spheres represent the unmodi-
fied original segments, gold spheres represent the modified surface, and pink spheres represent interme-
diate segments
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Fig. 15 Bonding parameter K vs. number of loops and loop diameter, in solid line and dashed line,
respectively. In the cross-sectional view on the top right corner, the blue spheres represent the unmodi-
fied original segments, gold spheres represent the modified surface, and pink spheres represent interme-
diate segments

of the fiber increases. In terms of the molecular dynamics simulation, the K1/K0
ratio increase corresponds to a stiffer bond (more difficult to stretch the bond beyond
its equilibrium distance), which thus tightens the loops, reducing their diameter.

It is interesting to see that with the same equilibrium distance, and by changing
only the stiffness of the bonds, we dictate the helical final configuration. Looking
at the bonding potential (Fig. 4), we can conclude that the concurrence between the
stiff and softer bonds becomes more pronounced if the strength of the bonds is dif-
ferent, i.e., if the softer surface has less bond strength, it cannot reach its equilibrium
length while the stiffer part with higher bond strength contracts and compresses the
filament further, thus leading to more loops and consequently lower diameters.

Conclusions

The molecular dynamics method has been successfully employed to study the spon-
taneous formation of helices in elastic filaments. The proposed MD model can be
compared visually and qualitatively to macroscopic situations. The simulations
results reproduce the shapes observed experimentally, due to buckling instabilities
that naturally emerge in elastic filaments when primary bond stiffness varies asym-
metrically across the cross section, meaning that the helical twisting can arise only
through bending asymmetries. This asymmetry can be obtained through thermal,
friction or radiation surface treatments.

Moreover, we show that it is possible, by controlling the strain rate at which
we allow the fiber to relax from extension, to obtain only one perversion for the
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majority of fiber geometries. This study shows that to some extent, the number
of perversions can be controlled, and that the strain rate is a critical parameter in
controlling that number. This reinforces what has been reported by authors using
simulations, although with harmonic interactions [55], on the role of strain rate in
this type of microfilaments. It also expands on our earlier reports concerning the
role of aspect ratio and extent of modified surface in the dynamics of formation
of helix perversions [51].

We show that the number and diameter of helices depend on the material prop-
erties and fiber geometry. The concurrency between the stiffer and softer particles
is determinant on the final helical diameter. The relation of this phenomenon and
the initial aspect ratio dictates the final number of helices/perversions.

The strain rate exhibited a significant effect on the number of perversions,
namely an increase in 200-fold of the strain rate can induce as many as eight
times more perversions for an aspect ratio of 200 (three times more perversions
for an aspect ratio of 50). The increase in the pair-wise interaction stiffness leads
to smaller loop diameters and higher number of loops, while an increase in the
pair-wise equilibrium distance leads to larger loop diameters and consequently a
lower number of loops; however, both these parameters exhibit a strong depend-
ence on the aspect ratio. It was found that an increase in the surface modification
from 17 to 47% leads to an increase in circa 2.3 times the number of formed
loops, while the average loop diameter decreases by circa 40%.

An increase in the bonding parameter ratio 61/c0 from 0.66 to 0.83 reduces the
number of loops by approximately 40%, while their diameter increases by approx-
imately 54%. An increase in the bonding parameter K1/KO from 0.5 to 2 leads to
an increase in 2-3 times of the number of loops, but their diameter decreases by
35-40%. The diameter of the loops is near independent of the fiber aspect ratio,
while the number of observed loops naturally increases for higher aspect ratios.

These results contribute to a better understanding of the underlying mecha-
nisms in the formation of helices and perversions in polymeric elastic filaments,
paving the way to the design of the next-generation nano-mechanical systems
obtained through nano-patterning of soft materials.
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