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Mechanical responsiveness in many plants is produced by helical organizations of cellulose microfibrils. However, simple
mimicry of these naturally occurring helical structures does not produce artificial materials with the desired tunable
actuations. Here, we show that actuating fibres that respond to solvent and vapour stimuli can be created through the
hierarchical and helical assembly of aligned carbon nanotubes. Primary fibres consisting of helical assemblies of
multiwalled carbon nanotubes are twisted together to form the helical actuating fibres. The nanoscale gaps between the
nanotubes and micrometre-scale gaps among the primary fibres contribute to the rapid response and large actuation
stroke of the actuating fibres. The compact coils allow the actuating fibre to rotate reversibly. We show that these fibres,
which are lightweight, flexible and strong, are suitable for a variety of applications such as energy-harvesting generators,
deformable sensing springs and smart textiles.

Mechanical responsiveness to external stimuli, an intrinsic
property of plants, enables the performance of vital tasks
such as seed dispersal1,2, self-protection3,4 and food acqui-

sition5. These mechanical responses are derived from the internal
helical structure3,6,7. For instance, torsional movements, including
the twisting of wood cells8, helical motion of tendrils9 and coiling
of awns10,11, are generated by differential swelling or shrinkage in
different parts of the tissue in response to a change in humidity.
These swelling and shrinking behaviours are attributed to the
helically winding structure of cellulose microfibrils9 (Fig. 1a,b).

Inspired by the helical structure in plants, several torsional actua-
tors have been created through the helical assembly of synthetic
polymers12,13, nanowires14 and carbon nanotubes15,16. Among
these actuators, electrochemically and thermally driven actuators
are primarily explored for rotary and contractive actuation and
exhibit promising applications in artificial muscles and robots17,18.
Some promising torsional actuators have also been reported to
respond to solvents and vapours, which represent an important
family of stimulants19,20, as solvents and vapours are widely used
in both industry and daily life. It is critical to further enhance the
performance of actuators to achieve high rotation output, rapid
responsiveness and good controllability for practical applications.
To this end, it is not sufficient to simply mimic naturally occurring
helical structures in the development of desired actuators. Recently,
the formation of helical coils was found to offer high actuation per-
formances19,21, and this phenomenon may provide a promising clue
for designing high-performance actuators that respond to solvents
and vapours. If a hierarchically helical structure is introduced
during the preparation of the coil, a variety of multiscale gaps
may be formed among the helical building blocks at different
levels. The multiscale gaps may enable rapid and efficient diffusion
of solvents and vapours to increase the performance of
torsional actuators.

Here, hierarchically arranged helical fibres (HHFs) that respond
to solvent and vapour are created through the hierarchical and
helical assembly of aligned carbon nanotubes. The HHF is prepared
by helically assembling multiwalled carbon nanotubes (MWCNTs)

into primary fibres and then twisting the primary fibres together.
A large number of nanoscale gaps among the MWCNTs and micro-
metre-scale gaps among the primary fibres are produced from this
hierarchically helical arrangement. The solvent and vapour first
diffuse through the micrometre-scale gaps and then transport
through the nanoscale gaps, which leads to a rapid response and
large actuation stroke (2,050 revolutions per metre). In addition,
both high strain rate (for example, 340% per second) and high rever-
sibility are achieved. The HHFs are lightweight, flexible and
mechanically strong, and thus have promising applications in
various fields such as sensing and energy harvesting.

Preparation of HHFs
The HHFs were prepared by twisting multi-ply primary fibres
(Fig. 1c and Supplementary Fig. 1). The primary fibres were dry-
spun from MWCNT arrays synthesized via chemical vapour depo-
sition22. Figure 1d shows a typical scanning electron microscopy
(SEM) image of a primary fibre with a helical angle of ∼32° and a
diameter of 15 μm. A large number of nanoscale gaps ranging
from tens to hundreds of nanometres were formed among the heli-
cally aligned MWCNTs (marked with red arrows in Fig. 1e). These
multi-ply primary fibres were then arranged into a helical structure
through a twisting process (Fig. 1f ). Micrometre-scale gaps were
formed among neighbouring primary fibres (marked with red
arrows in Fig. 1g). The first coil was formed when the inserted
number of turns exceeded a critical value (Supplementary
Fig. 2a), and the coils were created sequentially and compactly
arranged along the axial direction (Supplementary Fig. 2b,c). A con-
tinuous, free-standing HHF prepared from left-handed primary
fibres is depicted in Fig. 1h and Supplementary Fig. 2d. The result-
ing fibre was structurally stable, and no obvious partial twisting or
untwisting was observed in the relaxed state (Supplementary
Fig. 2e). Micrometre-scale gaps were also formed among the
helically arranged coils (marked with red arrows in Fig. 1i).

A series of left-handed HHFs with different helical angles of 0, 8,
16 and 42° were prepared using a similar twisting process
(Supplementary Fig. 3). A right-handed HHF assembled from 20
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right-handed primary fibres could also be created by clockwise
twisting (Supplementary Fig. 4). For comparison, a large single-
ply helical fibre (SHF) with a coiled structure was twisted from
stacked multilayer MWCNT sheets. Figure 1j shows an SEM
image of an SHF with 20 layers of stacked MWCNT sheets. The
formed coils were also compactly arranged along the axial direction.
For the SHF, nanoscale gaps were generally formed among the
aligned MWCNTs (Fig. 1k). For the convenience of discussion,
the HHF tested below was composed of 20 primary fibres and
shared a left-handed chirality unless specified otherwise.

Actuating performances of HHFs
Both HHFs and SHFs can produce contractive and rotary actuations
in response to various polar solvents, including ethanol, acetone,
toluene and dichloromethane (Fig. 2a). We exposed an HHF to an
ethanol droplet and found that the generated contractive stress
reached a plateau upon the absorption of ethanol (Fig. 2b,

red line). The majority of the contractive stress was completed
within 0.5 s, indicating a rapid response. The actuation was reversible
and no obvious decrease in contractive stress was observed after
30 cycles (Supplementary Fig. 5). The generated contractive stress
was dependent on the helical angle of the primary fibres used to con-
struct the HHF, and a peak value of ∼1.5 MPa was measured for a
helical angle of 32° (Supplementary Fig. 6), which is more than
15 times the contractive stress in typical natural skeletal muscles23.
Compared with the HHF, the SHF generated a similar contractive
stress upon coming into contact with a droplet of ethanol (Fig. 2b,
blue line). However, it took longer for the contractive stress to
reach its plateau and the stress rate was three times lower than that
of the HHF (Fig. 2b, inset). Similar differences were found
between helical fibres twisted from 40 layers of stacked MWCNT
sheets and 40 primary fibres (Supplementary Fig. 7).

For the HHF without coil formation, that is, a twisted multi-ply
fibre as shown in Fig. 2c, the rotations were irreversible after ethanol
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Figure 1 | Helically assembled MWCNT fibres with multiscale gap structures. a, Photograph of a towel gourd tendril with helical configuration.
Scale bar, 5 mm. b, SEM image of the helical cellulose building fibril from a. Scale bar, 10 μm. The images in a and b were reproduced with permission from
ref. 9. c, Schematic illustration of the creation of an HHF, prepared from multi-ply primary fibres through a twisting process. d, SEM image of a primary fibre
with a helical angle of 32°, assembled from aligned MWCNTs. Scale bar, 10 μm. e, Enlarged view of d. Nanoscale gaps (shown with red dashed lines
between two arrows) were formed among neighbouring aligned MWCNTs. Scale bar, 500 nm. f, Twisted primary fibres. Here, 20 primary fibres were
arranged into a helical structure. Scale bar, 30 μm. g, Enlarged view of the region marked with a blue box in f. The micrometre-scale gap (red dashed lines
between two arrows) was formed between two neighbouring primary fibres. Scale bar, 2 μm. h, SEM image of an HHF. Coils were compactly
arranged with a density of 20 per millimetre. Scale bar, 30 μm. i, Enlarged view of the region marked with a blue box in h. The micrometre-scale gap (red
dashed lines between two arrows) was formed between two neighbouring coils. Scale bar, 10 μm. j,k, SEM images of an SHF with a coiled structure at
low (j) and high (k) magnifications. This fibre was twisted from 20 layers of stacked MWCNT sheets. Scale bars, 100 μm (j) and 1 μm (k).
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infiltration, because the helical structure could not be restored after
excessive untwisting. Therefore, it was generally necessary to clamp
the two ends of the actuating fibre15,16 or to use a heterochiral con-
figuration24. In contrast, an HHF with a free end maintained a
reversible revolution for the investigated 20 cycles (Fig. 2d), and
no obvious fatigue was evident in the structure during actuation
(Fig. 2e). The coils formed within the fibre could efficiently
prevent excessive untwisting and radial expansion of the twisted
multi-ply fibre, given that the adjacent coils are in close contact.
In addition, the hierarchically helical arrangement played a critical
role in actuation reversibility. For the SHF without the hierarchically
helical structure, the revolutions decreased markedly after 15 cycles
of ethanol infiltration (Fig. 2d), and partial untwisting of the coils
was observed (Supplementary Fig. 8).

To measure the rotary actuation, a copper paddle was hung at the
end of the HHF, and the rotation was recorded by a high-speed
camera (Supplementary Movies 1 and 2). When the HHF came
into contact with a droplet of ethanol, a rotary actuation of ∼41
clockwise revolutions (2,050 revolutions per metre) was generated
by the HHF, even though the mass of the copper paddle was
more than 570 times that of the HHF (Supplementary Fig. 9).
This rotation is one to two orders of magnitude higher than that
achievable in electrochemically and electrothermally driven tor-
sional actuators15,16,19. However, both the rotary speed of 6,361 revo-
lutions per minute (Fig. 2f) and the specific initial torsional torque
of 0.63 N m kg–1 were lower than the values for electrothermally
driven hybrid MWCNT fibres19. A maximum contraction of
∼10% was also generated during the rotation. Thus, the total work
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Figure 2 | Actuation performances of helical fibres. a, Schematic illustration of the contractive and rotary actuations of an HHF. A copper paddle with a
mass of 75 mg was fixed at the end of the HHF. Contractive (Fc) and rotary (Fr) forces were generated simultaneously on coming into contact with a solvent.
To measure the contractive force, the two ends were clamped. b, Contraction curves for the HHF (red line) and SHF (blue line). Stress rate curves as a
function of time in the inset correspond to the blue shaded region. The contractive stress was calculated according to the cross-sectional area of coils
formed within the HHF and SHF. c, SEM images of twisted primary fibres before and after ethanol infiltration. The helical structure broke down due to
excessive untwisting. Scale bars, 40 μm. d, Number of forward (triangles) and reverse (circles) revolutions of an HHF (red) and SHF (blue). e, SEM images
of an HHF before and after 20 cycles of actuation upon absorption of ethanol. There was no obvious structural fatigue during actuation. Scale bars, 100 μm.
f, Rotary speeds generated by the HHF (red line) and SHF (blue line) upon the absorption of ethanol. The HHF was twisted from 20 primary fibres and the
SHF from 20 layers of stacked MWCNT sheets, and they were similar in diameter.
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density of the HHF, including rotary and contraction outputs, was
26.7 J kg–1 (Supplementary Section 5), which is 3.5 times higher
than that of typical mammalian skeletal muscles23. In contrast,
with the SHF twisted from 20 layers of stacked MWCNT sheets
(Supplementary Fig. 9), a rotary actuation of ∼620 revolutions per
metre and a maximum rotary speed of 760 r.p.m. were generated,
which are 3.3 and 8.4 times lower than those generated by the
HHF, respectively.

The rapid responsiveness of the HFF was further investigated by
tracing the strain change in actuation. On coming into contact with
a droplet of ethanol, the slack HHF was rapidly stretched taut within
45 ms and generated a length contraction of ∼15% (Supplementary
Fig. 10 and Supplementary Movie 3). The responding speed was
hundreds of times higher than that of solvent-induced polymeric
actuators25–27 and comparable to that of a Venus flytrap (∼200 ms),
which generates one of the fastest movements in the plant
kingdom28. The contractive strain rate of 340% per second is com-
parable to that of mammalian skeletal muscles (500% per second)23.
The midpoint of the HHF was accelerated to a maximum ascending
velocity of 0.28 m s–1 during the initial 27.5 ms (Supplementary
Fig. 11), producing an average acceleration of 10 m s–2, which is
equivalent to the acceleration of gravity. When a load was applied
to a slack HHF, reversible contraction and relaxation were observed

with the absorption and evaporation of ethanol, respectively
(Supplementary Movie 4). A slack SHF took over 300 ms to
become straight when the SHF came into contact with a droplet
of ethanol, which was accompanied by a lengthwise contraction of
∼9%. The responding speed and strain rate (<30%/s) are 6.7 times
slower and 11.3 times less than those of the HHF, respectively.

Helically arranged gaps at multiple scales
In general, the actuation performances of torsional fibre actuators
are greatly affected by their volume expansions15. For both the
HHF and the SHF, the volume expansions were caused by the infil-
tration of solvents through the gaps driven by capillary force29

(Supplementary Section 6). The disparities in the actuation per-
formances of the HHF and SHF may therefore be attributed to
their different gap structures. For instance, a hierarchy of massive
gaps at both the nanoscale and micrometre scale was formed in
the HHF, whereas nanoscale gaps were mainly formed among
MWCNTs in the SHF. The additional helical gaps at the micrometre
scale enabled more rapid and efficient infiltration of solvents
(Fig. 3a), and so the HHF exhibited a faster response.

The HHF was also studied without the formation of helical
coils. Rapid diffusion of ethanol along the axial direction was
clearly observed during the actuation (Supplementary Fig. 12).
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Figure 3 | Helically arranged gaps at multiple scales formed in the HHF. a, Schematic illustration of the infiltration of solvent into the HHF. Infiltration
occurs through the helical gaps at both the nanoscale and micrometre scale. b, Photographs of ethanol diffusion along an HHF before the formation of coils.
Left image: the fibre at the instant of coming into contact with an ethanol droplet (the hanging yellow copper paddle was stationary). Right image: the fibre
at 1.63 s after coming into contact with ethanol (a rotary actuation was generated during ethanol diffusion along the fibre). The pink and blue paper slips
were fixed on the copper paddle to record the revolution using background coordinate paper. Scale bars, 2 mm. c, Optical micrograph of an HHF without a
coiled structure before infiltration of rhodamine/ethanol solution. Scale bar, 50 μm. d, Fluorescence micrograph upon infiltration of the rhodamine/ethanol
solution (concentration of 0.1 mg ml–1) into the same fibre as in c. Scale bar, 50 μm. For comparison, the same three primary fibres are marked with green,
blue and pink arrows in c and d. e,f, Fluorescence micrographs of an HHF twisted from 20 primary fibres (e) and an SHF twisted from 20 layers of stacked
MWCNT sheets (f) upon absorption of rhodamine/ethanol solution. A large portion of solution entered the helical gaps in the HHF at the micrometre scale.
Scale bars, 100 μm.
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An obvious radial expansion was therefore generated upon the
absorption of ethanol (Fig. 3b), and an expansion of ∼20% was
achieved (Supplementary Fig. 13). A comparison of optical and flu-
orescent micrographs of the HHF (Fig. 3c,d) further verified that a
large portion of ethanol had entered the micrometre-scale gaps
among the primary fibres after coming into contact with a rhoda-
mine/ethanol solution (Supplementary Movie 5). The same
phenomenon occurred in the HHF after the formation of the
helical coil (Fig. 3e). In contrast, with the SHF, no obvious axial dif-
fusion of ethanol or radial expansion was observed (Supplementary
Figs 14 and 15) and only a small amount of rhodamine/ethanol sol-
ution was found in the gaps among coils (Fig. 3f ). Therefore, the
formation of helical gaps at the micrometre scale in the HHF pro-
vided a higher capacity for solvent infiltration than in the SHF.

In addition to the higher expansion, the larger actuation stroke
in the HHF may also be attributed to a higher storage of twisted
turns. In the HHF there are two levels of helical units, that is,
MWCNTs and primary fibres. It was calculated that the number
of twisted turns inserted and stored in the HHF was over 30 times
that in the SHF. The detailed calculations are described in
Supplementary Section 1.

Twisted graphene oxide (GO) fibres without the gap structure
(Supplementary Fig. 16) were also prepared in our laboratory and
further compared to verify the importance of the capillary gaps
for superb actuation of HHFs. With the GO fibres, the response
speed was much slower than for the HHFs upon the absorption
of water or ethanol (Supplementary Fig. 17). Additionally, both
the tensile strengths and moduli of the GO fibres were greatly
degraded (Supplementary Fig. 18) after solvent infiltration. The
lowered mechanical properties can be explained by the fact that
the interactions among the GO sheets, such as van der Waals
forces, hydrogen bonding and coordinative crosslinking, were
largely weakened after incorporation of the solvent. In contrast,
the mechanical properties of the HHF remained unchanged
before and after ethanol infiltration (Supplementary Fig. 19).

During solvent infiltration into the HHF, the air–solid interface
among the multiscale helical gaps was rapidly replaced with a
liquid–solid interface. The surface free energy of the vapour–
liquid interface for the solvent was thus released and partly con-
verted into kinetic energy for the contractive and rotary actuations.
The energy-conversion efficiency of the HHF was estimated to be
∼1% in response to ethanol (Supplementary Section 6). Note that
the surface free energy can also be transformed into other forms
of energy, such as gravitational potential energy, elastic energy
from the expansion, and kinetic energy from solvent diffusion in
the gaps. Nevertheless, the energy-conversion efficiency is compar-
able to that of commercial shape-memory metals30.

Applications
Contractive and rotary actuations of the HHF can also be triggered
by various solvent vapours. For example, reversible actuations were
generated when an HHF was brought within close proximity to and
moved away from the liquid surface of dichloromethane
(Supplementary Movie 6). The HHF was further shaped into a
spring with left-handed chirality by using a thermo-hydro setting
method (Fig. 4a). The spring generated a large contraction when
it was brought within close proximity to the liquid surface
(Supplementary Movie 7). More specifically, the contractive strain
increased as the distance between the spring and the liquid
decreased, and a maximum contractive strain of 59% was achieved
at a distance of 6 cm (Fig. 4b). The sensitivity of actuation was
also affected by the particular solvent vapour used (Fig. 4c). For
instance, almost no contractive response was observed for water
vapour, owing to the hydrophobic nature of MWCNTs. In contrast,
the spring exhibited much higher contractive strains in response to
vapours of ethanol, acetone and dichloromethane, as they possess
progressively greater volatilities at the same distance from the
liquid surface. For the spring prepared from a right-handed HHF,
an elongation motion was observed (Supplementary Fig. 20 and
Supplementary Movie 8). The contractive and elongational
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Figure 4 | Contractive deformations of smart springs fabricated from HHFs in response to vapour. a, Schematic illustration of the contractive deformation
of a spring prepared from HHFs. Here, d represents the distance between the spring and liquid surface. The spring contracts owing to the clockwise rotation
(indicated by the red arrow) of the HHF. b, Photographs of the contractive deformation generated by the spring upon exposure to dichloromethane.
Distance d was decreased from 6.0 to 4.0 cm. Scale bar, 2 cm. c, Dependence of the contractive strain on d for vapours of water, ethanol, acetone and
dichloromethane. The contractive strain was calculated from the ratio of the spring length at different d to its original length. d, Dependence of contractive
strain on cycle number, with the spring placed at d = 4.5 cm.
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actuations of the left- and right-handed HHFs were caused by
their clockwise and anticlockwise rotations, respectively. This
phenomenon is similar to the thermally driven contraction/
expansion of coiled polymer fibres with homochiral/heterochiral
configurations, respectively21. The springs also exhibited high con-
tractive reversibility, and no significant decrease in contractive
strain at a distance of 4.5 cm was detected after 50 cycles
(Fig. 4d). These springs could be used as promising sensors to
detect organic solvents or vapours.

By virtue of the rapid rotations exhibited by the HHFs in response
to solvents, these fibres could be used to fabricate high-performance
alternating-current generators by further converting the rotary
energy into electrical energy (Supplementary Fig. 21a). When
an HHF with a length of 4 cm was sprayed with ethanol,
alternating currents were generated due to the reversible forward
and reverse rotations of the fibre, and a peak current output of
0.11 mA was generated during rotatory actuation (Supplementary
Fig. 21b,c).

These HHFs are flexible and strong, with a tensile strength of
212 MPa, and a smart textile could thus be woven using HHFs
(Fig. 5a,b). A copper ball with a mass of 240 mg, more than 100
times that of the smart textile, was lifted 4.5 mm within milliseconds
of spraying with ethanol (Fig. 5c and Supplementary Movie 9).
During the initial 50 ms, the smart textile generated a power
output of 49 W kg–1, which is equal to the output from mammalian
skeletal muscles (50 W kg–1) and 20 times greater than that of a
polypyrrole composite actuator in response to water23,31.

In summary, we have developed actuating fibres that can contract
and rotate in response to solvents and vapours. A large number of
nanometre- and micrometre-sized gaps formed in the fibres are
essential for their rapid responsiveness and large actuation
outputs. The compactly arranged coils formed inside the fibres
provide a stable structure that can effectively prevent excessive
untwisting, endowing the fibre with rotational reversibility. These
hierarchically arranged helical fibres are promising for applications
in sensing and actuating.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
Preparation of primary fibres. Spinnable MWCNT arrays were synthesized by
chemical vapour deposition with Fe (1 nm)/Al2O3 (10 nm) as the catalyst on a
silicon substrate, ethylene as the carbon source with a flow rate of 90 s.c.c.m. and a
mixture of Ar (400 s.c.c.m.) and H2 (30 s.c.c.m.) as carrying gases. The synthesis
typically occurred at 740 °C for 10 min in a tube furnace, producing arrays with a
thickness of ∼250 μm.MWCNT sheets with the same width of ∼1 cm were dry-spun
from the spinnable array, followed by twisting into primary fibres with similar
diameters of 15–17 μm (Fig. 1d). The helical angles were increased by increasing the
twisting speeds, for example, 8, 16, 32 and 42° at rotary speeds of 500, 1,000, 2,000
and 3,000 r.p.m., respectively. Left- and right-handed primary fibres were produced
by means of anticlockwise and clockwise spinning, respectively. A primary fibre with
a helical angle of 0° was prepared without twisting. The primary fibres were further
collected by a rotating drum with a speed of 3 r.p.m. Post-treatment by ethanol was
used after the formation of primary fibres.

Preparation of HHFs. Multi-ply primary fibres were bundled together in parallel,
with one end stabilized by a rotating motor shaft and the other by a movable paper
slip. The motor was operated at a speed of 200 r.p.m. in anticlockwise or
clockwise directions to produce left- or right-handed HHFs, respectively. During the
twisting process, the fibres were kept horizontal to be stretched by moving the
paper slip towards the motor. No helical structure could be formed without the
twisting. The formation of an HHF is demonstrated in Supplementary Fig. 3. The
first coil was formed when the inserted number of turns exceeded a critical value,
and the coils were formed sequentially along the axial direction. Typically, a free-
standing HHF with a length of ∼5 cm was obtained from primary fibres with a
length of 20 cm.

Preparation of SHFs from stacked MWCNT sheets. The twisting process
comprised two steps. First, MWCNT sheets with the same width of ∼1 cm were
stacked together with one end stabilized and the other in a rotating motor shaft.
The motor was operated at a speed of 200 r.p.m and the stacked MWCNT sheets
were twisted into a straight helical fibre. Second, similar to the twisting process
of the HHF, uniform and compactly arranged coils were formed along the

axial direction by inserting sufficient numbers of additional turns into
the fibre.

Preparation of GO fibres. GO solution was prepared using a modified Hummers
method32. The GO fibre was prepared through a wet-spinning process by injecting a
GO hydrogel (10 mg ml–1) into a coagulating bath of ethanol with 5 wt% CaCl2.
During the spinning process, one end of the GO fibre was fixed to the tip of a
portable motor and the other was stabilized on a fixer. A GO fibre with a helical
angle of ∼30° was obtained after sufficient twisting turns had been inserted into
the fibre.

Characterization. The morphology and structure were characterized by SEM
(Hitachi FE-SEM S-4800, Hitachi High-Technologies Corporation). Photographs
and movies were recorded with a digital camera (Nikon J1). Fluorescence
micrographs were recorded by fluorescence microscopy (Olympus BX51). For
mechanical tests, two fibre ends were first fixed on a paper hole with a gauge length
of 5 mm with silver paste. The tests were carried out on a HY0350 Table-top
Universal Testing Instrument with a tensile rate of 1 mm min–1. To measure the
contractive force, the two ends of a fibre (with a length of 1 cm) were clamped by the
grips of the HY0350 Table-top Universal Testing Instrument with an applied stress
of 1.5 MPa. The solvent-induced contractive force was measured when the HHF
came into contact with a solvent droplet. The contractive stress was calculated
according to the cross-sectional area of the coil, which was the same as the area of the
twisted primary fibre in Fig. 1f for the HHF and that of the helical fibre twisted from
the stacked MWCNT sheets (without coil formation) for the SHF. For the rotary
actuation measurement, a copper paddle with a mass of 75 mg was fixed to the end
of a fibre (with a length of 2 cm), and the rotation was recorded by a high-speed
digital camera (400 frames per second). Through frame-by-frame analysis, the rotary
revolution θ was calculated as θ = 90° − arcsin(d/l ), where l is the length of the
copper paddle and d is its projected length.
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