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ABSTRACT The strength and flexibility of carbon nanotubes (CNTs) allow them to be
constructed into a variety of innovated architectures with fascinating properties. Here,
we show that CNTs can be made into a highly twisted yarn-derived double-helix structure
by a conventional twist-spinning process. The double-helix is a stable and hierarchical
configuration consisting of two single-helical yarn segments, with controlled pitch and
unique mechanical properties. While one of the yarn components breaks early under
tension due to the highly twisted state, the second yarn produces much larger tensile
strain and significantly prolongs the process until ultimate fracture. In addition, these

elastic and conductive double-helix yarns show simultaneous and reversible resistance

change in response to a wide range of input sources (mechanical, photo, and thermal) such as applied strains or stresses, light illumination, and

environmental temperature. Our results indicate that it is possible to create higher-level, more complex architectures from CNT yarns and fabricate

multifunctional nanomaterials with potential applications in many areas.
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ecently, carbon nanotube (CNT) and

graphene yarns have stimulated tre-

mendous interest owing to their po-
tential applications in various areas such as
sensors, actuators, electrodes for energy con-
version and storage devices such as fiber-
shaped solar cells and supercapacitors.''®
The close contact and strong interaction
between twist-spun CNTs or self-assembled
graphene sheets lead to enhanced mechan-
ical strength and toughness, with good flex-
ibility and a low material density close to
aerogels. The porous yarn structure faciliates
direct infiltration of polymers to make super-
tough fibers and woven mats, or grafting of
catalytic nanoparticles to improve the elec-
trochemical reactivity and device efficiency
in supercapacitors and solar cells.®'*17=20
Furthermore, appropriate structural modifi-
cation, for example, by creating close-ar-
ranged helical loops in a overtwisted CNT
yarn, results in superstretchable and spring-
like ropes as reported in our previous work.?'
Extensive study has demonstrated that CNT
and graphene yarns are promising materials
to build novel structure, flexible and high
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performance electronic and electromechani-
cal devices.

Thin and long CNT yarns, as a one-dimen-
sional macroscopic assembly of nanotubes,
also could serve as basic units to further
construct higher-level architecture by con-
trolled configuration of individual yarns.
Previous study has demonstrated that the
CNT yarns are both strong and flexible,
which allow them to be coiled, twisted,
braided, knitted, or knotted into diverse
fascinating shapes. One structure of parti-
cular interest is the double-helix, which is
widely observed in natural objects and also
adopted by many biological species such as
deoxyribonucleic acid (DNA) consisting of
two spiral and spatially arranged strands. In
this regard, along and flexible CNT yarn may
be considered as an ideal unit for building
double-helices by hierarchical assembly. In
fact, single twist-spun CNT yarns can be
simply braided into two-ply and four-ply
yarns to improve the loading capacity and
toughness.2 In addition, Q. Zhang, et al.
have synthesized microscale CNT array dou-
ble-helices on hydroxide flake substrates by
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space-confined rotational growth.>?* Each strand
consists of loose as-grown CNT bundles, and the
electrical conductivity can be improved by solvent-
induced densification of CNT strands although their
mechanical properties remain unknown.

Here, we report a yarn-derived two-level hierarchical
structure consisting of two highly twisted helical yarns
in a configuration similar to a double-helix, and inves-
tigate the mechanical, electrical, and thermal proper-
ties of this multifunctional structure for a number of
potential applications. In particular, we show a unique
fracture mechanism involving the sequential breaking
of yarn components that has not been found in
separate or two-ply straight yarns. Compared to most
of previous CNT yarns with a straight morphology,
hierarchical helical yarns could bring material elasticity
and other new mechanical properties, and extend the
yarn applications to a wider area.

RESULTS AND DISCUSSION

We fabricated double-helix CNT yarns by continu-
ously spinning a single-walled nanotube film through
two overtwisting steps (see Experimental Methods), as
illustrated in Figure 1a. The horizontally suspended
CNT film was first spun into a straight yarn by an
electric motor, then overtwisted into a single-helical
yarn with a spiral shape, and further overtwisted into a
double-helix made of two helical yarn segments. Detail
structure characterization of single-walled nanotubes
and the spinning process from a planar film into a helical
yarn can be found in our previous publications.* Here,
the formation of a double-helix was initiated by applying
a small force in the middle section during spinning to
trigger the rotation and mutual entanglement of two
yarn segments from the left and right sides, and this
process continued until the yarn ends led to a long
uniform double-helix. When the nanotube film was
spun from a planar film into a single-helical yarn, the yarn
length was about /5 of the film due to length reduction
that accompanies the formation of helical loops. Upon
formation of the double-helix, the overall sample length
shrank by about '/, again. Therefore, an as-synthesized
10 cm-long CNT film by chemical vapor deposition (CVD)
resulted in a final double-helix length of 1-2 cm.
Figure 1b illustrated a double-helix consisting of two
single-helical yarns twisted mutually and in symmetry. It
was actually a two-level hierarchical structure including
the helical loop of each yarn and the spiral route in the
overall double-helix. This structure was also different
from braided CNT yarns made by twisting two straight
(versus helical) yarns together in previous reports.2

Figure 1c showed the scanning electron microscopy
(SEM) image of a spun double-helix CNT yarn which
had a lateral size of ~80 um and length of several
millimeters. Each of the two yarn segments making the
double-helix had a diameter of ~50 um, and twisted
with each other periodically at a pitch of ~150 um.
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The yarn segment itself was helical as well, with tiny
loops close-arranged at a linear density of about 40
loops per millimeter. The tip (left end in Figure 1d)
connecting two yarn segments was the middle point of
the yarn where we applied a force in order to initiate
the formation of the double-helix. Because the double-
helix was formed by twisting two segments in the same
yarn (film), a uniform starting film/yarn was critical for
obtaining a straight, uniform, double-helix structure
with controlled yarn diameter. A tight twisting process
resulted in close contact between the loops in each
helical yarn, indicating strong interaction at the yarn
interface (Figure 1e,f). Narrow gaps between adjacent
loops were sometimes observed due to the slight
stretching along the yarn in such a highly twisted state,
and traces of twisting could be distinguished on the
surface of the helical loops (Figure 1g). Close view of
the yarn surface revealed dense, parallel CNTs along
the same direction in each loop (Figure 1h). The
spinning and twisting processes could align CNTs from
a random pristine film to aligned CNTs in the resulting
straight and the double-helix yarn (Supporting Infor-
mation Figure S1).

The double-helix was a more stable structure com-
pared to a single helical yarn. During the spinning
process, the overtwisting of the yarn caused internal
strains and stress concentrations along random posi-
tions along the yarn length. Releasing one end of a
helical yarn immediately caused a rebounding action
in which the yarn shrank into an entangled aggrega-
tion. Among the aggregation we frequently found
short-range double-helices with a similar morphology
to that formed by controlled twisting (Figure T1ij).
These double-helices were produced by self-assembly
when different yarn segments came into contact dur-
ing rebounding, and therefore represented a more
stable and favorable structure in the free state.

We performed mechanical tests on these double-
helix CNT yarns to study their fracture mechanism and
energy absorption during stretching. Tension tests on
more than 10 samples with different yarn diameters
revealed that the two helical yarns making the double-
helix always broke one after the other, with a large
difference in respective tensile strains. In other words,
fracture of a double-helix occurred by two steps
with one of the yarns breaking early and the other
yarn breaking considerably later (Figure 2a). Tensile
load—displacement curves revealed two linear loading
stages connected in sequence before ultimate fracture
(Figure 2b). The two samples shown here had an
average yarn diameter of 70 and 100 um, respectively,
with similar mechanical response involving two load-
ing stages. In the first stage, two yarns sustained the
tensile force together until one of them broke and the
force dropped suddenly to a lower level. Then the
force increased linearly again by stretching the
remaining yarn until the second yarn broke as well.
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Figure 1. Fabrication and characterization of double-helix CNT yarns. (a) lllustration of a spinning process starting from a
straight yarn, then a single-helical yarn by overtwisting, and then the formation of a double-helix by applying a small force in
the middle part. (b) lllustration of the double-helix consisting of two single-helical yarns twisted together. (c) SEM image of a
long and uniform double-helix. (d) Close view of the top end which is the initiation position for the double-helix. (e,f) SEM
images of the middle section showing two helical yarns twisted tightly. (g) Enlarged view of the highly twisted double-helix.
(h) High-magnification SEM image of the helical yarn surface showing numerous CNTs aligned along the twisting direction. (i)
SEM image of an entanglement of double-helices (see arrows) formed by self-assembly. (j) Close view of a similar double-helix

structure in the entanglement.

The force-strain curves were converted into stress—
strain curves (0—¢) based on the sum of cross-sectional
areas of two yarns (for stage ) and the area of the
remaining yarn for stage Il (Figure 2¢). There were two
key features that can be derived from the stress—strain
curves. In most cases the first yarn broke at a relatively
small strain (e; < 100%) while the second yarn broke at
a much larger strain (g, > 150%), resulting in a large
difference in failure strains of the two yarns with ¢,/¢,
ratios in the range of 1.7 to 3.2 (Figure 2d,e). Also, the
second yarn broke at an increased stress than the first
yarn, with o0,/0; ratios of 1.3—2.4. Measurement on
approximately 11 double-helix yarns with yarn dia-
meters of 55—110 um revealed that the maximum
relative stress and strain ratios were located in the
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diameter range of 70—90 um (Figure 2e). The under-
lying mechanism was associated with the overtwisting
of helical yarns which produced stress concentrations
associated with curvature areas and structural defects.
Therefore the first yarn broke early before it was
stretched substantially and the helical loops remained
there although they were more separated than in
original form (Supporting Information, Figure S2).
However, the breaking of the first yarn released the
second yarn from the highly twisted state (a kind of
stress relaxation), therefore the latter could sustain a
much larger strain and stress. The stress relaxation
could be observed by the sudden drop of stress
upon the fracture of the first yarn followed by a quick
rising of stress at the beginning of stage Il (Figure 2c).
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Figure 2. Mechanical testing on double-helix CNT yarns. (a) lllustration of the tensile testing process including two stages
where two yarns sustain the force (F) together during stage | until one of the yarns fractures, and after that the remaining yarn
is stretched during stage Il until complete fracture. The diameters of the two yarns making the helix are d, and d,, respectively.
(b) Load—displacement curves of two double-helices with a yarn diameter of 70 and 100 um, respectively. (c) Converted
stress—strain curves by the load divided by the sum of cross-sectional area of the two yarns for stage |, and the load divided by
the cross-sectional area of the remaining yarn for stage Il. (d) lllustration of the tensile strengths (04, 05), strains (¢4, ¢3), and
areas under each loading stage (A,, A,) for the two yarns, respectively. (e) Calculated g,/0; and &,/¢, ratios for tested double-
helices with different yarn diameters ranging from 50 to 110 um. (f) Calculated areas (toughness) under the loading curves at

stage | (A,) and stage Il (A,), respectively.

SEM characterization of the tested samples after frac-
ture also revealed that the second yarn was more
stretched than the first one, with some loops straigh-
tened and even having disappeared (Supporting Infor-
mation, Figure S2). The overall toughness could be
calculated by the two areas enclosed under the two
linear stages, and in general the area of stage Il (A, =
17—26 J/g) was larger than that of stage | (A; =7—15J/g)
for double-helices with different yarn diameters (Figure 2f).
This was attributed to the increased strain and stress for
the second yarn due to the stress relaxation by the break-
ing of the first yarn. Enhanced stress and toughness in the
second yarn could be a useful property for structural
applications where catastrophic failure need be avoided.

We have made a series of yarns with different
pitches from 180 to 340 um (Figure 3a). In our twisting
process where the CNT yarns were twisted very tightly,
the resulting double-helix pitch could be controlled
and was determined by the individual yarn diameter,
with an approximately linear relationship (slope = 4.5)
(Figure 3b). Generally, the pitch value was about 4.5
times the yarn diameter. Mechanical tests showed that
all samples fractured through two stages, with the first
fracture occurring early for smaller pitches (Figure 3c).
The results indicate that thinner yarns with smaller
pitches made by our process tend to break at lower
strains. Further, we twisted a straight and helical yarn
into an asymmetric double-helix (Figure 3d), which
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also showed a two-stage fracture process including a
first breaking of the straight yarn and a second break-
ing of the helical one (Figure 3e).

The sequential breaking mechanism was unique for
the double-helix structure, and also found in a greater
number of helical yarns twisted together (Supporting
Information, Figure S3). In comparison, we twisted two
straight yarns (spun from the same CNT film but with-
out forming helical loops) into a similar double-helix
structure, and measured its mechanical properties in
tension under the same testing conditions (Supporting
Information, Figure S4). The straight yarn-based double-
helix showed much reduced tensile strains (¢ < 40%),
and the two component yarns broke either simulta-
neously or one after the other with a small difference in
failure strains (Ae < 5%). This result indicated that the
helical (versus straight) structure of individual yarns was
important for the two-stage loading behavior observed
in Figure 2. In addition, we also configured two helical
yarns in parallel separately (not twisted together), and
applied tensile force to fracture both yarns (Supporting
Information, Figure S5). We observed that both yarns
could sustain relatively high tensile strains (¢ > 150%),
but they broke one soon after the other at very close
strains (Ae < 10%). In other words, after one yarn broke,
the second one could not sustain any more strain and
also broke very soon. This phenomenon was different
than that of the double-helix yarns in which the second
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Figure 3. Control on the double-helix pitch and morphology. (a) SEM images of four double-helix yarns with different pitches
from 180 to 340 um. (b) Plots of measured pitch values (0) versus yarn diameters. The inset illustrates the pitch of a double-
helix. (c) Tensile stress—strain curves of three double-helix yarns with different pitches. (d) SEM images of an asymmetric
double-helix consisting of a straight and helical yarn. (e) Tensile stress—strain curves of two asymmetric samples with

different pitches.

yarn broke much later than the first one. The difference
here was that parallel yarns did not have mutual inter-
action during deformation compared to a double-helix
consisting of strongly twisted yarns.

Our multifunctional double-helix CNT yarns were elas-
tic and electrically conductive, with clear response to
various sources such as mechanical strain, incident light,
and environmental temperature. Upon stretching, the
yarn resistance changed simultaneously and linearly with
increasing strain (Figure 4a). There was a step of sudden
resistance increase when the first yarn broke, and after
that the resistance increased again gradually until com-
plete fracture. The helical yarns were also elastic within a
certain strain range (¢ < 20%), and could recover to initial
morphology without permanent deformation. Cyclic
stress—strain curves measured on a double-helix yarn
at a series of increasing maximum strains (¢ = 5%, 10%,
15%, 20%, respectively) showed linear loading and un-
loading curves with a hysteresis loop (Figure 4b). This yarn
showed full recovery after every cycle (stress remained
above zero during unloading) and similar modulus during
repeated loading, indicating high elasticity and structural
stability in tension. Combining the electrical conductivity
and mechanical elasticity could lead to potential
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applications such as strain or stress sensors. This property
was demonstrated by recording the yarn resistance for
many tensile cycles loaded to about 6.5 MPa every time, in
which the resistance changed with stress consistently with
a linear relationship (Figure 4c). The increase of resistance
during stretching was likely due to the reduced contact
area between the initially close-arranged helical loops.
The photo-response was tested by exposing a double-
helix yarn to simulated solar illumination (AM 1.5,
intensity = 80 mW/cm?) and monitoring the current
flow (/) through the yarn under a constant bias of 0.1V
applied at the two ends. The incident light was blocked
by a shadow mask and arrived at the sample as pulses
at an interval of about 3 s. Without illumination, the yarn
maintained a constant current flow (stable resistance) in
the dark over time (Al = 0), whereas the current flow
decreased instantaneously when receiving light pulses
(Figure 4d). Although the percentage of current drop
(Al/l) was relatively small (~0.3%), the photo-response
was stable and reversible for many cycles. We have studied
related mechanism by changing the illumination range
(visible and infrared) and applying or removing the bias.
The double-helix showed current change in response to
both simulated solar illumination (visible plus infrared) and
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Figure 4. Properties and potential applications of CNT double-helix CNT yarns. (a) Tensile load-time curve of a double-helix
CNT yarn with simultaneously recorded electrical resistance (R) accompanying the loading process. (b) Cyclic loading—
unloading tensile tests of a double-helix yarn at predefined strains of 5% to 20% showing elastic behavior without residual
deformation. (c) Recorded yarn resistance change during repeated stress cycles (up to 6.5 MPa). (d) Relative current change
(Al/l) in response to pulsed light illumination including visible and infrared range (black curve) and infrared (red curve, by
blocking visible light). Inset shows the device setup with a shutter to control light pulses. (e) lllustration of a double-helix
configured as a thermocouple to sense the temperature (T) increase in a heat source. (f) Resistance (R) values recorded in three
different double-helix yarns (yarn diameter = d, total length between electrodes = L) during temperature increase from 40 to

120 °C, showing a linear R—T dependence.

infrared (visible light blocked by a conjugated polymer
layer) under a bias of 0.1 V. After blocking visible light, the
value of Al/I (induced mainly by infrared) decreased to
about 50% (Al/I=0.17%). When the bias was removed, the
photocurrent generated in the yarn under light was very
small (negligible) indicating that band gap light absorption
by semiconducting CNTs was not a major factor. The
current change as shown in Figure 4d was mainly due to
the resistance increase in the yarn caused by the tempera-
ture change when the double-helix was irradiated.

The structure of our double-helix CNT yarns re-
sembled a thermocouple including the node at the
tip (initiation place for double helix) and the two yarns
could be connected to the outside as electrodes. The
yarn was made by metallic and semiconducting single-
walled nanotubes that may display resistance change
upon rising (or decreasing) temperature. We config-
ured a double-helix temperature sensor with its tip in
contact to the surface of a hot plate (as heat source),
and its two yarns wired to a source meter to monitor
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the resistance (illustrated in Figure 4e). With steady
temperature increasing from about 40 to 120 °C, the
yarn resistance also increased at the same time with a
close-to-linear relationship to temperature (Figure 4f).
The resistance was measured through the entire yarn
length (L) from one end to the other end of the double-
helix. Three samples with different yarn diameters
(120—160 um) and lengths (5—8 mm) all displayed
similar linear behavior in this temperature range, with
calculated slopes in the range of 0.08—0.14 Q/°C
(Figure 4f). The results indicated that heating at the
tip could effectively change the resistance through the
double-helix, and unexpectedly, producing a linear
R—T relationship. Upon cooling of the yarn, we still
observed a linearly decrease of resistance however the
tip contact to the heat source was not stable due to
shrinkage and slight deformation of the double-helix
during cooling. The double-helix structure was very
convenient to be configured into a thermocouple for
measuring the temperature of solid or liquid objects
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with advantages such as lightweight and enhanced
flexibility.

CONCLUSIONS

We adopted a simple and controllable method to
produce double-helix CNT yarns with neat structure
and distinct two-stage fracture behavior, which would
be important for designing structures to prevent

EXPERIMENTAL METHODS

Synthesis of CNT Films. Thin single-walled nanotubes films
were synthesized by the CVD process with ferrocene (catalyst)
and xylene (carbon source) as precursors. The ferrocene/xylene
solution with a concentration of 5—10 uL/min was injected into
the CVD furnace by a syringe pump. Reaction temperature was
setat 1160 °C, and single-walled nanotubes grown in the vapor
phase were carried out to the downstream zone by a gas
mixture (Ar/H,). Freestanding spiderweb-like CNT films were
collected and used directly for spinning yarns.

Spinning of Double-Helix CNT Yarns. The spinning process included
the following steps. First, a suspended CNT film with two ends fixed
on an electric motor and a metal block fixer was spun into a straight
yarn at a motor rotation speed of 100 rpm. Second, the straight yarn
was further spun into a helical yarn by continued overtwisting at the
same speed. Then, a small force was applied to the middle point of
the helical yarn to initiate the formation of double-helix. The
spinning was continued at a speed of about 50 rpm to produce a
long double-helix CNT yarn. To spin an asymmetric double-helix
(straight + helical), a straight yarn was twisted to form helical loops
only in half part, and then the helical and remaining straight
portions were twisted together into a double-helix.

Microstructure and Mechanical Measurement. The morphology
and structure of the double-helix CNT yarns were characterized
by SEM (Hitachi S4800). Mechanical tests were carried out in a
single-column testing instrument (Instron 5843) equipped with
a load cell of 10 N, and specially designed grips for holding
small-size and fiber-shaped samples. The two ends of a double-
helix CNT yarn were first fixed on a paper sheet with a cut
window (0.5—2.5 cm long, depending on the length of tested
yarn samples) by polyvinyl alcohol as adhesive paint. The paper
was installed into the grips, with the fixed yarn aligned along
the grip axis. Then the paper was cut from its two sides to free
the double-helix CNT yarn. For tension tests, the upper grip was
moved away at a constant speed of 1.0 mm/min. For cyclic tests,
the strain rate was set to be 50% per minute for all the cycles.
Two-ply straight yarns and parallel helical yarns were also fixed
on a paper sheet and tested under the same condition.

Electrical, Light, and Temperature Response Measurements. To per-
form electrical measurements simultaneously with mechanical
testing, the double-helix CNT yarn was connected to electrical
wires by silver paste applied at its two ends. During cyclic
tension tests, the current flow through the tested yarn section
was also recorded by a source meter (Keithley 2635A) under a
constant bias (0.1 V). The yarn resistance was calculated for the
tested range of tensile strain during cycles.

The double-helix CNT yarn was exposed to simulated solar
irradiation by a solar simulator (Newport Thermo Oriel 91195A)
at air mass 1.5 and a light intensity of 80 mW/cm?. The current
flow through the yarn was recorded by connecting electrical
wires to the two ends of the double-helix. A shutter was
controlled manually to produce pulsed incident light to the
sample at every 3 s. To blacken visible light, we spin-coated a
thin layer (200 nm) of poly(3-hexylthiophene) (P3HT) on glass
and placed it on top of the double-helix as a photomask.

To monitor the yarn resistance change during the environ-
mental temperature change, the tip of a double-helix was
placed in contact to the surface of a heating station (Wiggens
WH220 Plus), which was heated at controlled rate to increase
the surface temperature from 40 to 120 °C. The ends of the two

SHANG ET AL.

catastrophic failure. These double-helix structures de-
monstrated potential applications as strain sensors,
photo detectors, and thermocouple-like devices. Given
the mechanical strength, lightweight, and flexibility of
CNT yarns, there is a great promise to fabricate hier-
archical and more complex architectures and to ex-
plore their applications in many areas such as sensors,
actuators, fiber-shape devices, and electrodes.

helical yarns were connected to electrical wires to measure the
resistance at an interval of 10 degrees.
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