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Perversions with a twist

PedroE.S. Silva?, Joao L. Trigueiros?, Ana C. Trindade3, Ricardo Simoes?*, Ricardo G. Dias®,
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Perversions connecting two helices with symmetric handedness are a common occurrence in nature, for
 example in tendrils. These defects can be found in our day life decorating ribbon gifts or when plants use
Received: 27 September 2015 © tendrils to attach to a support. Perversions arise when clamped elastic filaments coil into a helical shape
. but have to conserve zero overall twist. We investigate whether other types of perversions exist and if
. they display different properties. Here we show mathematically and experimentally that a continuous
Published: 30 March 2016 - range of different perversions can exist and present different geometries. Experimentally, different
. perversions were generated using micro electrospun fibres. Our experimental results also confirm that
these perversions behave differently upon release and adopt different final configurations. These results
also demonstrate that it is possible to control on demand the formation and shape of microfilaments, in
particular, of electrospun fibres by using ultraviolet light.
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The physical mechanisms controlling the shape of elastic filaments are still a matter of intense debate and new
findings?. Understanding the elastic behaviour of filamentary materials is very important given the observed
diversity in nature®*, the mounting interest in the context of nanotechnology®® and the need to find simple mech-
anisms to produce and control the shape of filaments®!2.

In particular, helical structures have drawn considerable attention. First several different mechanisms have
been proposed to explain their ubiquitous occurrence in nature. They could be formed by entropic forces',
due to intrinsic torsion'*!* or buckling induced instabilities'®!”. Helical structures can also appear in different
arrangements. For instance, proteins are well known for having complex structures, with helices intertwined with
beta sheets or other less regular but equally well defined structures. Their organization is crucial for establishing
protein function'®. In polymer science, it is always a challenge to tune the shape of filaments. This can be accom-
plished by the action of diverse external stimuli such as temperature, polarity or metal ions®.

Helical structures have been also obtained with a variety of techniques in nanotechnology. Helices in carbon
nano-materials were first observed and reported as “an unusual occurrence” by Davis et al.?’ in 1953. Since then,
many strategies have been devised to produce materials with different coiling. Chemical vapour deposition allows
the production of high quantities of helices. The strategy consists in using an unequal extrusion of carbon from a
catalyst surface?'~?. This technique allows producing helical structures with different shapes simply by changing
the catalyst grain morphology. Helices can also be grown by considering that catalyst particles are affected by van
der Waals forces between the fibre and the surroundings, as in the work of Zhang et al.?. It has been advocated
that these structures can find a wide range of applications, such as nanosprings*>*, electronic circuit compo-
nents*”?® and in reinforcement composites®.

Considerable work has also been done to obtain helical filaments by electrospinning. However, in many cases
the helical structures become flattened as they land on the target®*2. This is not the case reported by Chen
et al.*, who produced coiled core-shell fibres by coaxial electrospinning. A simpler technique has been proposed
by Trindade et al.**, using ultraviolet (UV) irradiation upon the fibres. In both techniques it is the differential
shrinkage of the elastomeric polymer that induces coiling due to buckling. In this work we will use a procedure
adapted from the latter technique.

An interesting feature that can be observed in all these helical structures is the inversion of the twisting direc-
tion, known as a perversion. Perversions appear also in plants when tendrils attach to a support and shorten to
direct the plant towards the attachment point. Perversions arise when filaments curl having both ends clamped.
In simple terms, perversions can be seen as structures connecting helices with opposite handedness.
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Figure 1. Generalized perversions in helical filaments. (a.1) Illustration of the simplification introduced in
the model: the initial filament is reduced to three elements, two perfect helices with opposite handedness (right
and left handed depicted in green and red respectively) and a perversion point (blue cross). (a.2) FS frames at
the points connecting the perversion for a symmetric perversion, = 0. Front (b.1) and top (b.2) views of 3
types of perversions, with =0, 7/2 and 7. In the front view, it is clear that symmetric perversions display an
M shape and the filament is symmetric relatively to the axial plane passing through the perversion centre. By
contrast, antisymmetric perversions, a= m, display an N shape and are antisymmetric instead. The top view
clearly shows that symmetric perversions keep the two helices axis remain steady while for antisymmetric
perversions helices axis tilt relatively to the direction of release. For other perversions (for instance, with
a=7/2), a combination of the two effects occurs.

Considerable work has been devoted to better understand perversions and its relevance. On the mathematical
side, Goriely and Tabor'® discussed the formation of a perversion in the presence of intrinsic curvature using
Kirchhoff equations. Later, Domokos and Healey® obtained solutions in the presence of multiple perversions.
The occurrence of multiple perversions was also studied both theoretically and experimentally by Huang et al.*¢,
who showed that a helical filament could display an arbitrary number of perversions depending on the pre-strain
imposed on one side of a filament. Perversions arise also when torsion is externally applied on an elastic filament,
as discussed by Lazarus et al.. Finally, Gerbode et al.! used a simple experimental set-up to demonstrate the
ubiquitously presence of perversions in tendril coiling. In all these works, perversions are described as having the
same geometries and impinging the same elastic properties to the elastic filaments. Next we will show that this
view can be considerably enlarged.

Motivation

In this work we questioned whether tendril perversions are the only structures linking helices with opposite
handedness. A simple theoretical argument suggests that other possibilities exist. Consider the example in Fig. 1,
where two helices with opposite handedness are linked by a perversion at the centre and the ends are held so that
they do not rotate. Our analysis consists in reducing the complexity of the system to a set of two helices with
opposite handedness linked at a single point. This linking point represents a region of the curve equidistant rela-
tively to the centre of the perversion, perturbed by the presence of the perversion. Thus, outside this region the
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curve behaves approximately as two perfect helices. A simple way of describing helical curves uses the
Frenet-Serret (FS) frame, Q= [T, N, B], where T is the unit vector tangent to the curve, N is the normal vector and
B is the binormal vector given by the cross product of T and N. The evolution of the FS frame along the curve can
be written in terms of the Darboux vector, , through the continuous differential equations Q] = Q x Q;. Left
and right handed helices have constant curvature, x, and torsion, 7. They differ only on the Darboux vector,
through a sign change in the torsion factor: @ = kB £ 7T.

In our simplified model, these equations must be discontinuous at the linking point, and be capable of relating
Darboux vectors and FS frames of the two helices, as illustrated in the example in Fig. 1a.2. Since in any helix, nor-
mal vectors always point towards the centreline, the normal vector is perpendicular to the twisting vector which is
always directed along the helix axis. In this particular case, the left helix tangent vector can be obtained from the
right helix tangent vector by a rotation around the normal by 26, where 6 is the angle between the tangent and the
twisting vector. As a result, in the simplified model, the FS equations can be rewritten as:

Qi/ = (892) x (RN,729 Q;) (1)

The only difference between this equation and the conventional FS equations is the application of the two
transformations, Ry _,yand S, at the perversion point. Ry, denotes a rotation of the FS frame around the normal
and S changes the handedness of the helix, SQ = S(kB+ 7T) = kB — 7T.

The important observation made in this work is that any further rotation of the FS frame around Q is still
compatible with existence of a right helix with the opposite handedness. That is, we can generalize the previous
equation to:

Q/ = (82) x (Ra Ry, 29 Q)- @

Thus, o= 0 corresponds to the description of perversions as are usually described. However, this equation
suggests that other types of perversions can also exist. After the second rotation operating on the FS frame, the
right helix conserves the same direction of the rotation axis but its position can change. On Fig. 1b we illustrate
filaments with different types of perversions. Different perversions induce different symmetry properties and
different shapes (Fig. 1b). For @ =0 and ov= 7, filaments are respectively symmetric and antisymmetric relatively
to the axial plane passing through the perversion centre. For this reason, we named perversions with « =0 and
o= T as symmetric and antisymmetric perversions.

Importantly, these symmetry properties are maintained also during force-extension experiments, as long as
helices are aligned along the extension axis. As a result, symmetric perversions will keep both helices axis aligned
and the perversion rotates around the axis while the number of loops changes. By contrast, for antisymmetric
perversions, the helices axis tilt relatively to the direction of release (see Fig. 1b.2 and supplementary materials
SM1). When the number of loops in the helices changes during elongation, the perversion rotates around itself
while its location remains static for antisymmetry to be maintained. More complex dynamics and configurations
take place for perversions with other values of a. Nevertheless, in general terms, for o= 0 helices axis are tilted
and their axis locations are related by «. This can be understood taking into account that the total twist does not
change during force-extension experiments since a moment is applied at both clamped ends*”. Given that the
twist developed by the two helices is symmetric, they cancel each other, and consequently the total twist of the
filament is equal to «, the total twist of the filament. This implies that FS frames at the ends of the filament are
rotated by o around Q, which establishes the different orientation of the helices.

The challenge reported in this paper has been to reproduce these generalized type of perversions. We focused
on generating perversions with o = 0 and o = m, the two most distinctive types of perversions. Symmetric per-
versions appear naturally when filaments held on both ends twist to adopt a helical shape, as reported in'”’. To
generate antisymmetric perversions we noted, that after the a = 7 rotation, the normal vector switches direction.
This implies that the bending of a filament at this point must change abruptly. This consideration offered a per-
spective on how to make materials with these properties: by intrinsically changing the curvature of filaments
in specific regions. In the next section we describe how microfilaments with the two types of perversions were
created. Afterwards we will further discuss the physical behaviour of these filaments.

Results

Writing the intrinsic curvature on microfilaments. Elastic microfilaments, with intrinsic curvature,
were obtained from electrospun fibres produced from two pre-polymers with different functionalities (see [mate-
rials]Materials), which generate a crosslinking network after formation of the fibres. Two flat parallel electrodes
were used to collect stretched fibres. If fibres are released at this point, no coiling is observed, but only bending
due to gravity (see supplementary video SV9). Application of UV light established an asymmetry between the
two sides of a filament by further crosslinking of the outer surface of the fibres double bonds, existing along one
of the repetitive units®. In Fig. 2a, sketches represent stretched fibres irradiated on opposite alternate sides (a.1)
or on the same side (a.2) along the main axis of the filament. The higher crosslinking density at the top layer of the
fibre relatively to the remaining soft material creates a differential shrinkage. This is responsible for the intrinsic
curvature of the filament. This way we can write the outer surfaces of the stretched filaments with UV. Upon relax-
ation of the fibres clamped at both ends, coiling of filaments creates helical structures separated by perversions
which can exhibit different symmetries depending on the UV writing. In Fig. 2b.1 a spontaneous antisymmetric
perversion appears in an elastic filament, treated as described in (a.1), after being released. The N shape of this
antisymmetric perversion is clearly different from M of the (conventional) symmetric perversion in Fig. 2b.2, for
a filament irradiated only on one side (a.2).

SCIENTIFIC REPORTS | 6:23413 | DOI: 10.1038/srep23413 3



www.nature.com/scientificreports/

Figure 2. Generation of antisymmetric and symmetric perversions. (a) Sketches illustrating UV writing on
fibres, for generation of (a.1) antisymmetric and (a.2) symmetric perversions. Elastic electrospun filaments
after UV light exposition and fibre relaxation for (b.1) antisymmetric and (b.2) symmetric perversions. White
arrows point to the perversion centres. (c) SEM pictures for the two perversion types. (c.1) In antisymmetric
perversions wrinkles induced by UV light on the outer surface of the fibre changes side while (¢.2) in symmetric
perversions they remain on the same side. (d) The two types of perversions can be observed in gift-wrap
ribbons. The antisymmetric perversion is obtained by glueing the opposite sides of two ribbon halves. Scale bar
represent 5ym in (¢) and 1 cm in (d).

The UV writing wrinkles the fibres surfaces as can be observed in Scanning Electron Microscopy (SEM)
images (see Fig. 2¢). In filaments with antisymmetric perversions wrinkles switch side at the middle of the per-
version, (c.1), while in filaments with symmetric perversions wrinkles are always on the same side (c.2). The same
kind of antisymmetric perversions can be observed in gift ribbons (Fig. 2d). After sweeping the dull side of the
stripe with a scissors blade the ribbon acquires intrinsic curvature and forms a helix. Stretching while removing
the loops of the strip, will lead to a straight configuration. The release of the ribbon with both ends clamped
creates perversions with a visible switch of the helical handedness®. If the fibre is cut in two halves and glued
together switching the two sides, an antisymmetric perversion appears as shown in Fig. 2d.1. For a matter of
comparison, a ribbon with a symmetric perversion is shown in Fig. 2d.2.

Release of filaments with intrinsic curvature. Antisymmetric and symmetric perversions were ‘printed’
in the elastic stretched filaments as described in the methods section. Fibres were released at a controlled rate,
with both ends constrained from rotating. In Fig. 3, results obtained with a filament irradiated for 24 h, initial
length L= 1cm and diameter D=7 ym, are shown as well as results obtained with numerical simulations with
physically plausible parameters. As shown in Fig. 3, simulations reproduce well the coiling of the fibre in the pres-
ence of the perversion when the load decreases (see videos SV2 and SV5 in supplementary materials).

The movement of the filament during unloading must be compatible with the symmetry of the perversion.
Antisymmetric links force right and left helices to rotate in antiphase around the line connecting the two ends
(Fig. 3a). By contrast, the symmetric perversion promotes the rotation in phase of the two helices (Fig. 3b). To
further enlighten the difference in the movements in the presence of the two types of perversions, numerical
simulations were performed leading to the detailed analysis in Fig. 4. In this figure, the movement of two points,
symmetrically disposed relatively to the perversion centre, is depicted and clearly shows that the two points move
around the axis, defined by the two ends, either symmetrically or antisymmetrically, in accordance with the per-
version name. An interesting consequence of the antisymmetry property of the antisymmetric perversion, is that
the point at the centre does not change position. This is also in agreement with our experimental observations and
with the simplified model. Another interesting result, which is also in agreement with our experimental observa-
tions, is that the curling speed decreases with the unloading.

The dynamics observed in fibres with perversions is not the only distinctive feature. Equilibrium configura-
tions are also conspicuously different. In Fig. 5a, SEM pictures of unstrechted microfilaments written with the
two types of perversions are shown. Symmetric and antisymmetric perversions are clearly different, a result that
can also be readily observed either with ribbon strips or in numerical simulations. This shows that the difference
between the two types of perversions is a robust result observable at different scales. In antisymmetric perversions
helices remain aligned as a result of the fact that there is no bending at the antisymmetric perversion centre. By
contrast, symmetric perversions tend to bend the link between the two helices, creating an angle between them.

Finally, as antisymmetric perversions require a switch of the intrinsic bending properties, the perversion can
only occur at specific locations. This also means that they should not be expected to be as ubiquitous in nature,
but, on the other side, they can be engineered on demand. This contrasts with symmetric perversions which can
travel along the material during their formation and hence have a more delocalised nature.

Materials and Methods

Materials. The elastic filaments were obtained from electrospinning by using a methodology similar to the
one described previously in literature®*. The elastic behaviour of the filaments was controlled by the relative
amount of the pre-polymers used for preparing the starting solution. The first network was prepared from the
reaction of poly(propylene oxide)-based triisocyanate-terminated prepolymer (PU) and hydroxyl-terminated
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Figure 3. Evolution of the shape of elastic filaments with intrinsic curvature upon release. Photos taken
from experimental fibres (left filaments) and from molecular dynamics simulations (right filaments), displaying
how (a) antisymmetric and (b) symmetric perversions curl during release. Simulations describe qualitatively
well the experimental behaviour of both fibres.

polybutadiene (PBDO), the second crosslinking reaction on the top of the filaments was promoted by UV irradi-
ation, according to the procedure and details described previously, for 40% w/w of PU and 60% w/w of PBDO%.
The completion of the first reaction was achieved after the formation of the PU/PBDO electrospun fibres. The
precursor solution with the two prepolymers, dissolved in toluene, was poured into a 1 ml syringe fitted with
a 25-gauge needle and an infusion syringe pump (model KDS100) was used to control the solution feed rate
(0.8mlh™"). A conducting ring of 15 cm diameter was held coaxially with the needle tip at its centre, and elec-
trically connected to it and to the positive output of a high-voltage power supply (Glassman EL 30kV). The
solution was accelerated towards a suspended collector target consisting of two parallel, flat metallic bars, by the
action of an electric field applied between the syringe tip and the rotating target. A sample holder, made using
acetate sheets cut with a precision cutting machine (Silhouette Portrait) was placed between the metallic bars.
Optimal electrospinning conditions for this system were found to be: voltage at 14kV for a syringe tip-target
separation of 15 cm, relative humidity 70%. The filaments were UV irradiated (A = 254 nm, Intensity = 107> mW/
cm?, lamp to sample distance Ly, = 20 cm) during 24 h and extracted for 24 h (T = 50°C) (Soxhlet extractor) in
toluene, followed by drying in an oven for 48 h at 50°, before being observed by SEM and POM (Polarized Light
Microscopy). To produce symmetric perversions, fibres were irradiated with UV light only on one side of the
surface. Antisymmetric perversions were produced irradiating the two sides of the fibre but on complementary
regions using two irradiation cycles. In the first cycle, a mask made with an opaque card, cut with a precision
cutting machine, protected sections of the fibre from UV light. For the second irradiation cycle the sample was
flipped and the complementary mask was used to apply UV light to the other side (see Fig. 2a and illustration in
supplementary materials SM2)

Unloading procedure and characterization of the microfilaments. The experimental observations
of the unstretching of the filaments were made under axial loading. This was accomplished by using an exten-
someter from Rheometric Scientific (Minimat Firmware Version 3.1) coupled to a Canon EOS550D Camera
equipped with a macro lens (EFS 60 mm). The lengths and diameters of individual filaments visible in these SEM
images were measured with Image] software (version 1.48, http://imagej.nih.gov/ij/) and scaled according to the
magnification quoted by the microscope software. Optical observations were achieved by using a reflection and
transmission mode Olympus BX51 microscope equipped with an Olympus DP73 camera. SEM was used to image
the morphology features of the elastic filaments with an Auriga crossbeam (SEM-FIB) workstation instrument
(Carl Zeiss) equipped with an Oxford energy dispersive X-Ray spectrometer. The SEM images under the in-lens
mode have been carried out with an acceleration voltage of 2kV and aperture size of 30 ym. The substrates with
filaments were glued on to aluminium stubs using a double-sided carbon tape and coated with a thin carbon layer
(<20nm) using a Q300T D Quorum sputter coater.
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Figure 4. Detailed analysis of the movement of two symmetric points close to the perversions centres
during unloading. (a) In antisymmetric perversions, the two points, designated by L (Left) and R (Right), move
in opposite directions while (b) they move in the same direction in the symmetric perversion. Here ¢ represents
the angular position in polar coordinates. These numerical results were obtained during fibre release, here
parametrised by § = 01? ¢, where L, represents the initial fibre elongation and L, the end-to-end distance.

0
From (a.3,b.3) it is clear that upon release the phase difference, Af, between the two points is approximately
constant and equal to 7 or 0 for the antisymmetric or symmetric perversions, respectively.

MD simulation. To study the dynamics of elastic filaments we developed molecular dynamics simulations
using LAMMPS (Large-scale Atomic/Molecular Massively Parallel Simulator, http://lammps.sandia.gov) plat-
form*-#2, Elastic fibres were modelled by arranging beads in hexagonal close packed lattices (see SFig. 11 in
supplementary materials SM3) bonded by harmonic potentials, V;= k;/2(I — )%, where k;, is the elastic constant
and J; the equilibrium bond distances. Filaments had initial length L = 1200 ¢ (L] units, see http://lammps.sandia.
gov/doc/units.html) and +/3 by +/3 o of cross-section. Intrinsic curvature was produced by pre-straining one side
of the rod. This was accomplished by changing the equilibrium bond distances as shown in supplementary mate-
rials SM3. Different helical curvatures were obtained by controlling the pre-strain amplitude. The intrinsic curva-

ture was selected using the relation K = isufﬁ (as discussed in Supplementary Materials SM3), where w is
w X

the fibre cross-section width and Y is the initial pre-strain. Simulations were deterministic and did not include
temperature effects. The integration of the equations of motion used a NVE integrator (Verlet/Leap-frog method)
to update beads positions and velocities on each timestep (stepsize of 1 x 1073 7). Helical structures were formed
by releasing the filament at constant rate and with the ends set to not rotate. Different helical curvatures were
established by controlling the pre-strain amplitude. To generate antisymmetric perversions the pre-strained side
of the filament was changed at specific regions.

Conclusions

In this work we have proposed that a whole range of perversion geometries can exist in elastic filaments. We have
given special attention to the demonstration that two extreme types of perversions, denominated symmetric and
antisymmetric, exist in practice, and in particular at the microscale. These two perversion types exhibit distinct
properties. Symmetric and antisymmetric perversions have different shapes (M or N), upon release they rotate
around the centreline in or out of phase relatively to their centres and adopt different final configurations (bent or
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Figure 5. Final configuration for helices connected by antisymmetric and symmetric perversions.

After complete relaxation of the elastic filament, the filaments adopt distinctive shapes. For antisymmetric
perversions (top figures) helices remain aligned while they bend for symmetric perversions (bottom figures).
Scale bar represent 10 ym in (a) and 1 cm in (b).

aligned). These properties were put in evidence through numerical and experimental work and are summarized
in the supplementary video SV1.

Both types of perversions were reproduced with PU/PBDO electrospun filaments using irradiation with UV
light. Irradiation with UV light was crucial to create an asymmetric contraction of the fibre relaxation through
a higher crosslinking of the elastomer network. Irradiation of UV light on selected areas worked as a printing
tool allowing to create antisymmetric perversions on demand. Our methodology can be applied to other type of
elastic fibres only by playing selectively on the crosslink density across the filament. In this way, threads can be
self-shaped to spontaneously produce symmetric or antisymmetric perversions linking right and left handed hel-
ices. Since linked helices adopt different configurations for the different perversions, perversions can be used to
assemble fibres in different types of structures, which could find applications in nanotechnology or in the textile
industry.

The study presented here focused on describing the new symmetry properties of these generalized type of
perversions. Further studies are still necessary to describe their shape in detail, to enlighten how the different
type of perversions appear, how they can coexist and interact, to analyse how stresses are distributed in fibres and
how perversions may lend materials with new properties. Some of these issues will be pursued in future studies.

References
1. Gerbode, S. J., Puzey, J. R., McCormick, A. G. & Mahadevan, L. How the cucumber tendril coils and overwinds. Science 337,
1087-1091 (2012).
2. Lazarus, A., Miller, J. T, Metlitz, M. M. & Reis, P. M. Contorting a heavy and naturally curved elastic rod. Soft Matter 9, 8274-8281
(2013).
. Forterre, Y. & Dumais, J. Generating helices in nature. Science 333, 1715-1716 (2011).
4. Wang, J.-S. et al. Hierarchical chirality transfer in the growth of towel gourd tendrils. Sci. Rep. 3, 1-7 (2013).
5. Sun, Y., Choi, W. M., Jiang, H., Huang, Y. Y. & Rogers, J. A. Controlled buckling of semiconductor nanoribbons for stretchable
electronics. Nature Nanotech. 1, 201-207 (2006).
6. Clauvelin, N., Audoly, B. & Neukirch, S. Mechanical response of plectonemic dna: An analytical solution. Macromolecules 41,
4479-4483 (2008).
7. Singamaneni, S. & Tsukruk, V. V. Buckling instabilities in periodic composite polymeric materials. Soft Matter 6, 5681-5692 (2010).
8. Yang, M. & Kotov, N. A. Nanoscale helices from inorganic materials. J. Mater. Chem. 21, 6775-6792 (2011).
9. Dreyfus, R. et al. Microscopic artificial swimmers. Nature 437, 862-865 (2005).
0.
1

w

. Vistulo de Abreu, E, Dias, R. G. & von Ferber, C. Pseudo-knots in helical structures. Soft Matter 4, 731-734 (2008).
. Guo, W, Li, M. & Zhou, J. Modeling programmable deformation of self-folding all-polymer structures with temperature-sensitive
hydrogels. Smart Mater. Struct. 22, 115028 (2013).

12. Tibbits, S. 4d printing: Multi-material shape change. Archit. Design 84, 116-121 (2014).

13. Bandaru, P. R, Daraio, C., Yang, K. & Rao, A. M. A plausible mechanism for the evolution of helical forms in nanostructure growth.
J. Appl. Phys. 101, 094307 (2007).

14. Armon, S., Efrati, E., Kupferman, R. & Sharon, E. Geometry and mechanics in the opening of chiral seed pods. Science 333,
1726-1730 (2011).

15. Wu, Z. et al. Three-dimensional shape transformations of hydrogel sheets induced by small-scale modulation of internal stresses.
Nat. Commun. 4, 1586-1586 (2012).

16. Goriely, A. & Tabor, M. Spontaneous helix hand reversal and tendril perversion in climbing plants. Phys. Rev. Lett. 80, 15641567
(1998).

17. Liu, J., Huang, J., Su, T., Bertoldi, K. & Clarke, D. R. Structural transition from helices to hemihelices. PLoS One 9, €93183 (2014).

18. Carey, E A. Organic Chemistry vol. 4 (McGraw-Hill Science/Engineering/Math, 2007) 7 edn.

SCIENTIFICREPORTS | 6:23413 | DOI: 10.1038/srep23413 7



www.nature.com/scientificreports/

19. Leiras, S., Freire, E, Seco, J. M., Quinoa, E. & Riguera, R. Controlled modulation of the helical sense and the elongation of
poly(phenylacetylene)s by polar and donor effects. Chem. Sci. 4, 2735-2743 (2013).

20. Davis, W, Slawson, R. & Rigby, G. An unusual form of carbon. Nature 171, 756 (1953).

21. Wang, W. & Rao, A. M. Bulk synthesis of helical coiled carbon nanostructures. In Symposium HH - Functional Carbon Nanotubes
vol. 858 of MRS Proceedings (2004).

22. Shaikjee, A. & Coville, N. The effect of copper catalyst reducibility on low temperature carbon fibre synthesis. Mater. Chem. Phys.
125, 899-907 (2011).

23. Wang, Y., Xu, J., Wang, Y. & Chen, H. Emerging chirality in nanoscience. Chem. Soc. Rev. 42, 2930-2962 (2013).

24. Zhang, L., Zhu, Y., Ge, C., Wei, C. & Wang, Q. The synthesis of carbon coils using catalyst arc discharge in an acetylene atmosphere.
Solid State Commun. 142, 541-544 (2007).

25. Chen, X. et al. Mechanics of a carbon nanocoil. Nano Lett. 3, 1299-1304 (2003).

26. Bi, H., Kou, K. C,, Ostrikov, K. K., Zhang, J. Q. & Wang, Z. C. Mechanical model and superelastic properties of carbon microcoils
with circular cross-section. J. Appl. Phys. 106, 023520 (2009).

27. Seifert, G., Kohler, T. & Frauenheim, T. Molecular wires, solenoids, and capacitors by sidewall functionalization of carbon
nanotubes. Appl. Phys. Lett. 77, 1313-1315 (2000).

28. Jin, W. et al. Self-assembled graphitic nanotubes with one-handed helical arrays of a chiral amphiphilic molecular graphene. P. Natl.
Acad. Sci. USA 102, 10801-10806 (2005).

29. tak Lau, K., Lu, M. & Liao, K. Improved mechanical properties of coiled carbon nanotubes reinforced epoxy nanocomposites.
Compos. Part A-Appl. S. 37, 1837-1840 (2006).

30. Xin, Y., Huang, Z. H,, Yan, E. Y., Zhang, W. & Zhao, Q. Controlling poly(p-phenylene vinylene)/poly(vinyl pyrrolidone) composite
nanofibres in different morphologies by electrospinning. Appl. Phys. Lett. 89, 053101 (2006).

31. Shin, M. K,, Kim, S. I. & Kim, S. J. Controlled assembly of polymer nanofibres: From helical springs to fully extended. Appl. Phys.
Lett. 88, 223109 (2006).

32. Yu,J. et al. Production of aligned helical polymer nanofibres by electrospinning. Eur. Polym. J. 44, 2838-2844 (2008).

33. Chen, S. et al. Polymeric nanosprings by bicomponent electrospinning. Macromol. Mater. Eng. 294, 265-271 (2009).

34. Trindade, A. C., Canejo, J. P, Teixeira, P. I. C., Patricio, P. & Godinho, M. H. First curl, then wrinkle. Macromol. Rapid Comm. 34,
1618-1622 (2013).

35. Domokos, G. & Healey, T. J. Multiple helical perversions of finite, intristically curved rods. Int. J. Bifurcat. Chaos 15, 871-890 (2005).

36. Huang, J., Liu, J., Kroll, B, Bertoldi, K. & Clarke, D. R. Spontaneous and deterministic three-dimensional curling of pre-strained
elastomeric bi-strips. Soft Matter 8, 6291-6300 (2012).

37. McMillen, T., Goriely, A. et al. Tendril perversion in intrinsically curved rods. J. Nonlinear Sci. 12, 241-281 (2002).

38. Trindade, A. C. et al. Hierarchical wrinkling on elastomeric janus spheres. J. Mater. Chem. 22, 22044-22049 (2012).

39. Pieranski, P, Baranska, J. & Skjeltorp, A. Tendril perversion—a physical implication of the topological conservation law. Eur. J. Phys.
25,613 (2004).

40. Plimpton, S. Fast parallel algorithms for short-range molecular dynamics. J. Comput. Phys. 117, 1-19 (1995).

41. Brown, W. M., Wang, P.,, Plimpton, S. J. & Tharrington, A. N. Implementing molecular dynamics on hybrid high performance
computers - short range forces. Comp. Phys. Comm. 182, 898-911 (2011).

42. Brown, W. M., Kohlmeyer, A., Plimpton, S. J. & Tharrington, A. N. Implementing molecular dynamics on hybrid high performance
computers - particle-particle particle-mesh. Comp. Phys. Comm. 183, 449-459 (2012).

Acknowledgements

All authors acknowledge financial support from Foundation for Science and Technology FCT PTDC/
CTM/101776/2008. FVA and PESS acknowledges Institute for Biomedicine UID/BIM/04501/2013. ACT,
RS, RGD, MHG acknowledges project FCT UID/CTM/50025/2013. PESS acknowledges grant FCT SFRH/
BD/76369/2011 MHG acknowledges PTDC/CTM-BIO/6178/2014.

Author Contributions

PES.S.,J.L.T,R.S. and EV.d.A. developed computational work. PE.S.S., R.G.D. and EV.d.A. developed theoretical
work. PE.S.S., A.C.T. and M.H.G. developed experimental work. PE.S.S., M.H.G. and EV.d.A. wrote the main
manuscript. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Silva, P. E. S. et al. Perversions with a twist. Sci. Rep. 6, 23413; doi: 10.1038/srep23413
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

X or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS | 6:23413 | DOI: 10.1038/srep23413 8


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Perversions with a twist
	Introduction
	Motivation
	Results
	Writing the intrinsic curvature on microfilaments
	Release of filaments with intrinsic curvature

	Materials and Methods
	Materials
	Unloading procedure and characterization of the microfilaments
	MD simulation

	Conclusions
	Additional Information
	Acknowledgements
	References



 
    
       
          application/pdf
          
             
                Perversions with a twist
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23413
            
         
          
             
                Pedro E. S. Silva
                Joao L. Trigueiros
                Ana C. Trindade
                Ricardo Simoes
                Ricardo G. Dias
                Maria Helena Godinho
                Fernao Vistulo de Abreu
            
         
          doi:10.1038/srep23413
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep23413
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep23413
            
         
      
       
          
          
          
             
                doi:10.1038/srep23413
            
         
          
             
                srep ,  (2016). doi:10.1038/srep23413
            
         
          
          
      
       
       
          True
      
   




