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Stretchable and Energy-Efficient Heating Carbon Nanotube
Fiber by Designing a Hierarchically Helical Structure

Peng Liu, Yiming Li, Yifan Xu, Luke Bao, Lie Wang, Jian Pan, Zhitao Zhang,

Xuemei Sun,* and Huisheng Peng*

Inspired by the hierarchically helical structure of classical thermal insulation
material—wool, a stretchable heating carbon nanotube (CNT) fiber is created
with excellent mechanical and heating properties. It can be stretched by up
to 150% with high stability and reversibility, and a good thermal insulation

is achieved from a large amount of formed hierarchically helical voids inside.
Impressively, it exhibits ultrafast thermal response over 1000 °C s, low
operation voltage of several volts, and high heating stability over 5000 cycles.
These hierarchically helical CNT fibers, for the first time, are demonstrated as
monofilaments to produce soft and lightweight textiles at a large scale with

high heating performances.

Over millions of years of evolution, nature creatures have
formed various wunique structures which contribute to
intriguing functionalities.'? One such extraordinary struc-
ture is the helical structure present in many different species
and scales, from microscopic DNA, bacterial flagella and viral
capsids to macroscopic seed pods, plant vasculatures, and ten-
drils.l’! Inspired by these natural helical structures and their
functionalities, a lot of materials and devices had been made
into helical structures with different functionalities for various
applications, such as microelectronics, micromechanics, optics,
sensing, and biomedicine.*-%1 However, it is rare to enhance
heating effects by designing helical structures, although the
wool fibers just provide a promising paradigm on how the
helical structure keeps warm efficiently. For instance, sheep
wool represents a widely used thermal insulation material in
the garment industry based on a hierarchically helical struc-
ture. As shown in Figure 1a,b,”] the twisted keratin molecules
(protein chains) are coiled in a helical structure like a spring
and form microfibrils in the matrix, bundles of microfibrils
make up longer macrofibrils, and the hierarchical fibrils and
matrix cells finally produce the hierarchically helical wool fiber.
The helical coil—the smartest part of the fiber—offers the wool
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with a superior thermal insulation prop-
erty as well as a combined high flexibility,
elasticity, and resilience.

However, reducing heat dissipating
to keep warm like woolen textile is pas-
sive and not enough, especially under
extreme circumstances, so active heating
had been proposed to keep the body
warm as well as many other application
fields such as human healthcare,® auto-
mobile defogging,” and controlled drug
delivery.'” Three classes of materials and
their composites are mainly used for the
Joule heat generation, i.e., metal, /112
carbon, and conductive polymer.'>1¢]
Metals were designed into wavy patterns or metal nanowires
were embedded into elastomeric matrices for stretchable and
transparent heaters.'”18] Conductive polymers like poly(3,4-
ethylenedioxythiophene) possessed some merits like easy pro-
cessing and mass production.'”) Carbon-based materials, e.g.,
graphene and carbon nanotube (CNT), had been made into dif-
ferent forms and showed advantages of light weight, flexibility,
high mechanical strength, high electrical conductivity, and
good thermal stability.'>2?°] Unfortunately, the available heaters
were typically made into films that are not soft, breathable,
and washable, which were unable to meet the requirements
of many heating appliations like woolen textiles. For instance,
they could not satisfy a broad spectrum of booming fields such
as portable and wearable electronics.

In this Communication, inspired by the wool fiber, we cre-
ated an aligned CNT fiber with high mechanical and thermal
properties by designing a hierarchically helical structure. Just
like the wool fiber (Figure 1a,b), the CNT fiber was also com-
posed of a fundamental fiber unit—CNT, which made up the
helical primary fiber, and then bundles of primary fiber consti-
tuted the hierarchically helical fiber (HHF). The aligned structure
had effectively extended the remarkable properties of CNT that
were critical for heaters to the microsized fiber. In particular,
the hierarchically helical structure offered the aligned CNT fiber
with high stretchability without sacrificing the high electrical
conductivity, which remains challenging for the conventional
stretchable heating films by embedding conductive nano-
materials into insulating elastomeric matrix.?%?’] More impor-
tant, the formed hierarchically helical voids inside the CNT
fiber offered a good thermal insulation property like wool fiber.
These CNT fibers had been further woven into heating textiles
that presented softness, toughness, ultrafast thermal response,
and low operation voltage.
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Figure 1. a) Photograph of wool. b) Schematic illustration to the hierarchically helical structure of wool fiber. c,d) Scanning electron microscope (SEM)
images of CNT ribbon at high and low magnifications, respectively. e) SEM image of primary CNT fiber. f~h) SEM images of HHF, SSF, and SNF with
the same diameter. Scale bars, 3 cm in (a), 1 um in (c), and 200 um in (d-h).

The HHF was prepared by twisting CNT ribbons (Figure 1d)
that were synthesized through floating catalyst chemical vapor
deposition.”8l The diameters of CNTs were around 20 nm,
and they had been aligned along the ribbon length to produce
plenty of nanoscaled voids among them (Figure 1c). The CNT
ribbons were pulled out of the furnace with a width of 500 pm
and then pretwisted to form the primary CNT fiber with a diam-
eter of =50 um (Figure le). Accordingly, the nanoscale voids
evolved into a helical structure with the size ranging from =10
to 100 nm (Figure S1, Supporting Information). A bundle of
ten primary fibers had been further twisted together (Figure S2,
Supporting Information), and helical micrometer-scaled voids
with the average size of =8 um were thus generated among
neighboring primary fibers (Figure S3, Supporting Informa-
tion). After the formation of helixes along the whole fiber, the
resulting HHF displayed a diameter of =220 um, and larger
helical micrometer-scaled voids with the average size of =12 pm
were produced among the neighboring helixes (Figure 1f and
Figure S4, Supporting Information). In other words, three levels
of aligned helical voids had been prepared by this preparation
strategy that may be extended to the other 1D nanomaterials.
As a comparison, single-ply spring-like fiber (SSF, Figure 1g)
and single-ply nonspring-like fiber (SNF, Figure 1h) with the
same diameter as HHF were twisted from stacked multilayered
CNT ribbons for the following control study.

These fiber materials possessed high electrical conductivity
of appropriately 7.4 x 102 S cm™ and low density of appropri-
ately 0.615 g cm~3, which were critical for heating applications.
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Their Joule heating properties were first studied by tracing
the temperature over time of the HHF (Figure 2a). When a
voltage was applied on its two ends (length of 2 cm), it gen-
erated heat immediately and reached saturated temperature in
a moment. So did the SSF and SNF on the thermal response.
Along with the increasing input voltages from 2, 3, and 4 to
5 V, the saturated temperatures rose from 55, 76, and 103
to 135 °C (Figure 2b). Furthermore, the saturated tempera-
ture can be improved by twisting a number of fibers together
because the increased diameter leads to higher current-carrying
capacity. For instance, a multiply fiber (length of 2 cm) twisted
from 32 primary fibers with a diameter of =500 um produced
much higher saturated temperature of 459 °C at a voltage of
1.7 V (Figure S5, Supporting Information). Besides, the satu-
rated temperature had been well maintained for the HHF
during 5000 ON/OFF cycles (Figure 2c). Importantly, the high
heating performance had also been well maintained under
deformations like bending and torsion (Figure S6, Supporting
Information).

The HHFs also showed ultrafast thermal response
(Figure S7, Supporting Information), and the maximal heating
rate rose with increasing voltages and reached up to 1030 °C s7!
at a low voltage of 8 V. This remarkably fast responding behavior
was attributed to their high thermal conductivity,?” ultrasmall
heat capacity per unit volume, and large specific surface area."
The cooling rate represented the thermal insulation prop-
erty of a material, so the SNF, SSF, and HHF with the same
length (2 cm) and diameter (220 um) were heated to 80 °C

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Joule heating characterization of the HHF. a) Temperature—time curves at voltages of 2, 3, 4, and 5 V. b) Infrared images at 2, 3, 4, and 5 V.
c) Temperature—time curve under pulsed voltages between 0 and 4 V for 5000 cycles. d) Cooling curves of HHF, SSF, and SNF from about 80 °C. Scale

bar, 5 mm in (b).

and then the input voltages were turned off at the same time
to compare their cooling curves (Figure 2d). Since the thermal
conductivity of CNT fiber (25 W m™ K™!) was much higher than
that of air (0.02-0.03 W m™ K1), the HHF with the most
void per unit volume demonstrated the lowest cooling rate,
while the SNF with the least void showed the highest cooling
rate. Meanwhile, the input power also reflected the heating
efficiency. To maintain the high temperature of three fibers at
80 °C, the input power for HHF, SSF, and SNF were 0.30, 0.35,
and 0.47 W, respectively. Therefore, the HHF saved energy by
14% and 36% compared with the SSF and SNF, mainly due
to the hierarchically helical void structure. The different diam-
eters of three families of fibers were also investigated on the
cooling rate (Figure S8, Supporting Information). The same
trend occurred, i.e., the HHFs produced lower cooling rates
than SSFs and SNFs. Note that larger HHFs could save rela-
tively more energy, e.g., an HHF twisted from 15 primary fibers
(diameter of 290 um) saved 43% compared with an SNF with
the same diameter.

The HHF exhibited a tensile strength of 159 MPa and elon-
gation at breaking up to 150% due to the elasticity of the twisted
helixes (Figure S9, Supporting Information). The length of the
HHF (2 cm) was about one quarter of its initial length (7.5 cm)
after twisting, meanwhile the resistance decreased obviously
(i-e., from 37 to 26 Q). The decreased resistance was originated
from the contacts of adjacent helixes, leading to some unique
and interesting properties during stretching. As shown in
Figure 3a, the resistance of the HHF increased remarkably by
30% within the first 40% strain due to the detaching of adjacent
helixes; in the rest deformation up to 150% before fracture,
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the resistance only increased by 10%, because the deformation
was more obvious by stretching the helix into line at this stage.
The process was verified by temperature profile under stepwise
strain of the HHF during stretching (Figure 3b) and had been
further clearly observed from the optical images (Figure 3c).
At a constant voltage, the temperatures of the HHF dropped
dramatically by 35 °C within the beginning 40% strain and
only 15 °C within the rest strain up to 140%. The resistance
evolution of the HHF was also traced under 40% strain for
100 stretching/releasing cycles (Figure 3d). For the first cycle,
the resistances were increased due to the releasing of stress
(Figure S10, Supporting Information), and then it remained
stable during the following cycles.['1:26.31]

To compare, the HHFs demonstrated promising advan-
tages over the other heating materials (Figure 4). They were
safe without toxic components, their density of 0.615 g cm™
was lower than common chemical fibers (e.g., 1.15 g cm™
for nylon), and their specific strengths were higher than the
strongest commerecial fiber of T1000 (a carbon fiber material).[32
They possessed ultrafast thermal responses up to 1030 °C s},
which was much higher than previous resistive heaters based
on metal, polymer, and carbon nanomaterials (Table S1, Sup-
porting Information), e.g., commercial Kanthal heating wire
(29.1 °C s7!) and graphene fiber (571 °C s71),1333 5o they
displayed much higher sensitivity and speedy start. The high
temperature resistance (over 450 °C) and heating stability (over
5000 ON/OFF cycles) were also advantageous as some heating
materials like metals would be oxidized easily.'33*3% The high
stretchability of the HHF exceeded 80%, which was promising
for a variety of applications that need intimate contacts with

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Stretchable characterization of the HHF. a) Dependence of electrical resistance on strain. b) Temperature profile under stepwise strain at
3.5 V. ¢) Optical images and infrared images during stretching. Scale bars, 200 um (top) and 1 cm (bottom). d) Relative resistances under stretching/
releasing process for 100 cycles at a strain of 40%. Ry and R correspond to the resistances before and after stretching, respectively.

curvilinear surfaces.'>¥”! The thermal insulation property of

the HHF made it energy efficient for heating.

These fiber materials had been thus woven with cotton
threads and copper wires to prepare heating textiles (Figure 5a).
The cotton threads served as supporting substrates, and the
copper wires were directly woven into the textile as the conduc-
tors without using any conductive paste or tape, so no more
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50 6000
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Figure 4. Comparison of the HHF with the other resistive heaters. Ag NW, silver nanowire; PI,

polyimide; PVA, poly(vinyl alcohol).
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post-treatments were needed, which favored large-scale fabrica-
tion and enhanced washability (Figure 5b). This textile model
exhibited a large heating area of 13 x 10 cm?. When it was sub-
jected to increasing voltages from 5 and 7 to 9V, the saturated
temperatures rose from 38 and 48 to 60 °C (Figure 5c¢), and
the temperature distribution was uniform without blind spots
throughout the heating textile (Figure S11, Supporting Infor-
mation). As presented in Figure 5d, the soft
heating textile exhibited stable performance
under distorting, making it effective for wear-
able applications such as wound healing
and drug delivery when affixed on human
wrist (Figure 5ef). Besides, a high-tem-
perature heating textile (15 x 7 cm?) was
also fabricated by weaving the fibers with
heat-resistant Kevlar threads (Figure S12,
Supporting Information). The saturated
temperature reached over 160 °C at 18 V
(Figure S13, Supporting Information), and
the water in a 100 mL beaker was boiled by
wrapping the high-temperature heating tex-
tile around it (Figure 5g,h).

In summary, we created a new family
of heating fibers by designing hierarchi-
cally helical structure that offered both high
stretchability and heating properties due to
the formation of hierarchically helical voids.
They showed many interesting and prom-
ising advantages including ultrafast thermal

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Production and characterization of the heating textile. a) Photograph of the producing process on loom. Scale bar, 6 cm. b) Photograph of
the heating textile at high and low magnifications. Scale bar, 3 mm for the left and 25 mm for the right. c) Temperature—time and distribution-time
curves of the heating textile. d) Infrared images of the heating textile under distorting at 9 V. Scale bar, 2 cm. e,f) Photograph and infrared image of the
heating textile wrapped on the wrist at 9 V. Scale bar, 2.5 cm. g,h) Photograph and infrared image demonstrating that the high temperature heating

textile was boiling the water at 18 V. Scale bar, 1 cm.

response, low operation voltage, and superb heating stability. In
addition, such heating fibers could be easily woven into flexible
and stretchable textiles at a large scale. The heating textile was
soft, tough, and lightweight with outstanding heating proper-
ties. This work also opens up a new direction in the develop-
ment of flexible and stretchable electronics.

Experimental Section

Preparation of Primary CNT Fibers: The CNT ribbons were synthesized
by floating catalyst chemical vapor deposition method. In a reducing
hydrogen atmosphere, the CNTs formed aerogel in the hot zone of a
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furnace (1200 °C) and the aerogel was collected into cylindrical hollow
socks. The CNT sock was pulled out of the furnace by a titanium rod and
then densified through water. The CNT sock shrank immediately into CNT
ribbon upon arriving at the water surface. It was then washed by acetone
for further densification, followed by drying, twisting, and collecting onto
a spool to produce the primary CNT fibers (typical diameter of 50 um).

Preparation of HHF: A bundle of primary CNT fibers (numbers of
5,10, and 15) were fixed in parallel with one end stabilized at a rotating
motor shaft and the other at a movable paper slip. They were then
twisted at a rotary speed of 200 rpm for about 30 s. They became
compact with the helixes generated along the axial direction. Typically,
they produced a hierarchically helical CNT fiber with the helix density of
=125, 90, and 70 helixes cm™ for diameters of 140, 220, and 290 um,
respectively.

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Fabrication of the Heating Textile: The textile was woven in plain weave
on a rapier loom with width of 40 cm (Tong Yuan Textile Machinery Co.,
Ltd), the copper wire with cotton thread (40 S/2) was used as warp and
the CNT fiber with cotton thread (ratio of 1/2) was used as weft. A piece
of textile with the heating area of 10 x 13 cm? was cut out as the model.

Characterization of the Heating Textile: The human subject (Dr. P. Liu)
involved in the experiments took part with informed signed consent.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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