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47 ABSTRACT

51 Wearable heaters have been increasingly attracting researchers’ great interest due to its efficient
53 utility in warm-keeping and thermotherapy. Nowadays carbon nanomaterials and metallic

nanowires tend to become the mainstream heating elements in wearable heaters considering their
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excellent electrical and mechanical properties. Though considerable progress have been made,
there still exist challenging issues that need to be addressed in practical applications, including
the bad breathability and the poor endurance to mechanical deformations. Here, we devise a
copper nanowire based composite fiber with unique hierarchical structure. This fiber possesses
not only excellent heating performance, but also fantastic tolerance to mechanical impact, like
bending, twisting and stretching. We further weave these fibers into a wearable heating fabric
and realize smart personal heating management through an Android phone by integrating with
microcontroller unit. Two practical applications are demonstrated including a heating kneepad

for articular thermotherapy and a heating coat on an infant model for warm keeping.

INTRODUCTION

Wearable heater, a newly emerging functional device, is mainly devoted to offering human body
warm keeping and thermal therapy. Electrically driven resistive heaters are highly suitable for
the desired purpose considering the easy processing technique, controllable operation and
efficient power conversion. Indium tin oxide (ITO) has been the conventional choice as the key
heating element and widely used in heater fabrication. However, due to its ceramic nature of
brittleness and ever-rising cost of indium, new promising candidates are in urgent need.
Nowadays, as some promising nanomaterials exhibit excellent electrical and mechanical

properties, researchers have been increasingly exploiting carbon nanotubes (CNT),'® graphene,”

11-20 21,22

10 . . . . . . .. .
metallic nanowires, or their mixtures as heating elements in resistive heaters, with

glasses or polymers as supporting substrates. Most of these heaters are employed in applications

1,4,7,9,10,12, 14, 15,17, 18,22

as defoggers/defrosters, industrial heating treatment,’ displays,™ '°

21 . 2.3 .. . . .
sensors,”” and even art conservation,”~ only a limited number of the devices have pioneered their

utilization in wearable heaters and achieved encouraging results.* "
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Given the practical application conditions of wearable heaters in warm keeping and thermal
therapy, there are two significant factors that deserve special attention. For one thing, the heaters
should provide enough breathability to prevent the skin perspiration from accumulating.
Otherwise it would cause great discomfort to the wearer. For another, when wearable heaters
cover movable parts of human body, human motions would inevitably affect the heaters
mechanically, like bending, twisting and even stretching, and this is particularly true in the case
of thermal therapy, where the heaters should maintain conformal contact with the movable skin

23-25 . .
to ensure comfort and efficient heat conduction.?® As

and joints (like back, wrist, and knee)
such, the heaters are supposed to be capable of enduring frequently imposed mechanical
deformations during operation. Some researchers artfully coated solution-processed heating
elements, like metallic nanowires®’ and CNT,“’ 2 to fabrics, obtaining wearable heaters. These
fabric-based heaters achieved effective heating ability and negligible breathability loss;
nevertheless, the deformations like stretching could probably damage the vulnerable conducting
network and impair the heating performance. To realize thermal therapy, a brilliant methodology

is to configure serpentine metal electrodes on polymer substrates.”’*

Despite the considerably
improved tolerance to deformations, the fabrication still involves complicated processing
techniques. Besides, the polymer substrate is not vapor-permeable, which would bring about
discomfort during long time wearing.

Here, we proposed a facile and scalable method to fabricate copper nanowire (CuNW) based
composite fiber with a unique hierarchical configuration. The composite fiber maintains
extremely stable electrical conductivity under bending, twisting and even stretching (resistance

increase of 50% at strain of 100%) deformations, enabling it to serve as high performance

stretchable heating fiber (SHF). The SHF could be heated from 20 °C to 57 °C at a low DC
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voltage of 3 V within 20s, and revealed no appreciable performance degradation after various
mechanical deformations. We constructed a model to understand the thermodynamic heating
response of the SHF well. The SHFs were further weaved into a heating fabric, which inherited
the excellent endurance to various deformations and also possessed good breathability. Finally,
to achieve a wearable and smart personal heating system (WSPHS), we integrated the heating
fabric and microcontroller unit (MCU) into clothes, which realized the interaction between the
WSPHS and a smart phone. The WSPHS holds great promise for applications in warm keeping,
thermotherapy, especially for movable joint positions and for people with mobility difficulties,
like babies, the elderly, and the disabled. To the best of our knowledge, no similar work has been
reported yet which features a washable, breathable and deformable heating fabric directly

weaved from intrinsically stretchable and conductive composite fibers with hierarchical structure.

RESULTS AND DISCUSSION

Fabrication and morphology characterization of the SHF. We developed a facile and
scalable method to fabricate the SHF (detailed process in the Experimental Section). Briefly
speaking, CuNWs (Figure S1, Supporting Information) were firstly coated onto a helical yarn
which consisted of polyester (PE) microfibers. Then H; plasma was implemented to endow the
CuNW network with high electrical conductivity. Finally the above structure was dip-coated in
liquid silicone rubber and cured to obtain a sealing and protecting layer. This well-designed
hierarchical structure of the SHF was schematically demonstrated in Scheme 1. The morphology
of the PE yarn was revealed by scanning electron microscope (SEM) in Figure 1a (the top), and
its yarn structure was clearly shown in the stretched (strain of 50%) state (the bottom). From

Figure 1b, it obviously manifested that the CaNW network coated conformally onto the surface
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of the PE yarn (the top) and the PE microfibers (the bottom), indicating the efficient dyeing of

33,34 Moreover, the nanowire content and thus the

CuNW ink through the dip-coating processing.
corresponding electrical conductivity (here characterized by “the resistance per unit length” R,,,
for simplicity) could be tuned by adjusting the dip-coating times with ease (Figure S2,
Supporting Information). The room-temperature hydrogen plasma treatment was utilized to
endow the copper nanowire network with high conductivity.” The etching and reductive effect
of hydrogen plasma helped to remove organic residues and oxide layers on the nanowire surface.
Moreover, the confined thermal heating caused by the surface plasmon resonance at the
nanowire contact positions led to the local nanowelding (as revealed in Figure 1c¢ ) in between
adjacent nanowires. Both of the two effects contributed to tremendously decreased contact
resistance of the copper nanowire network. At the last procedure of rubber coating, the
elastomeric polymer coated uniformly on the outside surface, as seen in Figure 1d, and solid- or
hollow-core structured SHF (insets in Figure 1d) could be fabricated through two different
coating methods (see Experimental Section), which will be further investigated in the next part.
The prepared SHF was highly flexible and stretchable (bottom inset in Figure 1d). Also worth
noting is that the solid-core structured SHF was an optimization and improvement of our
previous work in terms of structure design,’® and as a result the solid-core structured SHF not
only possessed better electromechanical performance (as seen in Figure S3, also investigated
detailedly in the following part), but also eliminated the air gap existence within the fiber via
complete permeation of liquid polymer, which solved the problem of localized excessively high

temperature distribution during the operation as heaters.
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Scheme 1. The schematic illustration of the hierarchical structure of the SHF. Left is the
hierarchical description of the SHF structure. Right is the schematic diagram of the cross-section
structure.
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Figure 1. The morpholo gy characterlzatlon of the SHF. a) SEM images of the PE yarn before
(top) and after (bottom) being stretched to strain of 50%. The dotted box in the bottom image
marked the gap position of the PE yarn. b) SEM images of the PE yarn coated with CuNWs (top)
and a localized single PE microfiber coated with CuNWs (bottom). ¢) SEM images of the
CuNWs network on the surface of the PE microfiber and the welding junction of two contacting
CuNWs (inset). d) SEM images of the SHF and the cross sections of a hollow-core structured
SHF (top left inset) and solid-core structured SHF (top right inset). The bottom inset showed a

SHF (length of 8 cm).
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Electromechanical performance of the SHF. In order to achieve high-performance
wearable heaters, the key and also difficult prerequisite is to ensure stable conductivity of the
heating element under different mechanical deformations. Here, we investigated the
electromechanical performance of the SHF (dip-coated for 6 times in the following part)
systematically to confirm its viability as stretchable heaters. Figure 2a displayed the relative
resistance variation of three different SHF samples under tensile strain up to 100%: SHF before
rubber coating, hollow-core structured SHF after rubber coating, and solid-core structured SHF
after rubber coating. We found that the SHF before rubber coating and the hollow-core
structured SHF exhibited similar resistance change under stretching, and the resistance increased
by a factor of 3 at ultimate strain of 100%. In contrast, the solid-core structured SHF underwent a
much smaller degradation of conductivity: the resistance increased by 50% at strain of 100%. To
understand this difference, we traced the surface microstructure variation of the SHF before
rubber coating during the stretching up to 100% strain (Figure S4, Supporting Information).
When the SHF started to be stretched, gaps in between the PE yarns emerged. As the stretching
continued, the number of the gaps increased and the size grew larger, both of which
accommodated the applied strain. These effects inevitably damaged the conductive CuNW
networks at the gap positions, resulting in the resistance increase, as occurred for the SHF before
rubber coating and the hollow-core structured SHF. However, in the case of the solid-core
structured SHF, the infiltration of liquid polymer during fabrication effectively passivated the
gaps, which would then relieve the adverse impact of stretching on the conductive network of the
SHF, accounting for its improved tolerance to tensile strain. This solid-core structured SHF
showed obvious advantage to other reported stretchable conductors in the maintenance of

conductivity against imposed tensile strain: >300% increase of resistance at 30% strain for a
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metal deposited PDMS with porous structure,’’ 160% increase of resistance at 100% strain for a
PUS-AgNW-PDMS with a binary network design,38 150% increase of resistance at 40% strain
for a graphene-silver nanowire hybrid foam,*® as comparisons with our work (50% increase of
resistance at 100% strain). Note that the solid-core structured SHF was selected for further
investigation in the following. Figure 2b described the resistance change of SHF under the
bending test. The results suggested that the bending barely impact the conductive network of the
SHF: the relative resistance increase was within 2% even at a bending radius of 1 mm. Next, we
conducted the twisting test to the SHF. Both the clockwise and counterclockwise twisting, up to
100 turns per meter, led to negligible resistance increase (within 4%) as seen in Figure 2c. We
believe the particularly stable conductivity of the SHF under bending and twisting deformations
is due to the enhanced anchoring of the CuNW networks onto the PE microfibers by virtue of the
rubber coating. At last, cyclic testing was implemented to evaluate the durability of the SHF
under various mechanical deformations. As seen in Figure 2d, after 1000 cycles of stretching
(strain of 50%), bending (radius of 1 mm), and twisting (50 turns per meter), the relative
resistance increase were 5%, 2% and 2.5%, respectively. The excellent mechanical robustness
and superb endurance to deformations of SHF guaranteed its reliability in the utilization of

wearable heating materials.
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Figure 2. Electromechanical properties of the SHF. a) The relative resistance variation of SHF
before rubber coating, hollow-core structured SHF after rubber coating, and solid-core structured
SHF after rubber coating. b) The relative resistance variation of SHF under the bending from
straight to bending radius of Imm. The schematic inset depicted the SHF wrapping tightly
around a cylinder in bending test. ¢) The relative resistance variation of the SHF under the
twisting up to -100 turns/meter (counterclockwise direction) and to100 turns/meter (clockwise
direction). The schematic inset depicted the SHF twisted in the counterclockwise direction. d)
The relative resistance variation of the SHF in cyclic stretching (strain of 50%), bending

(bending radius of 1mm) and twisting (torsion of 50 turns/meter) up to 1000 cycles.

Thermodynamic analysis of the heating response of the SHF. To evaluate the heating
performance of the SHF, its temperature was captured in real-time with the aid of an infrared (IR)
thermal camera at a certain input DC voltage. For a specific SHF sample (I=8 cm, r=0.5 mm,

R,=2.5 Q/cm), when a constant voltage was applied, as shown in Figure 3a, the temperature rose
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quickly and reached a steady plateau within 20s due to the Joule heating of the conductive
percolated CuNW network. Also, higher DC voltage input led to higher saturation temperature
(Tsqt)- Tsqe could be as high as 57 °C under a low voltage of 3V. To reveal the dependence of
heating performance on the geometrical size of the SHF, the time-dependent temperature curves
of a SHF (I=2 cm, R,,=2.5 Q/cm) at constant input voltage (0.9V) were measured in Figure 3b,
while increasing its radius by repeated coating and curing of rubber layer. Clearly, as the
diameter of the SHF increased, the T, lowered. Besides, the heating time needed to reach the
Tsqe grew longer. In addition, cyclic heating test was implemented as seen in Figure 3c. A
constant voltage (3V) was repeatedly applied on the SHF ([=8 cm, r=0.5 mm, R,=2.5 Q/cm),
and the T,,; remained almost unchanged even after 100 heating cycles, suggesting its excellent

durability as heating material.

In order to understand mechanism underlying the heating behavior, we conducted a
thermodynamic analysis of the heating response of the SHF (see detailed analysis in Supporting
Information). When the applied voltage caused Joule heating, it partly contributed to the
temperature rise of the SHF, and also dissipated into the ambient environment in forms of
radiation and convection heat loss. Based on this energy balance principle, we established an
equation:

Lo Ztaeo (T=Ty") +A he (T =To) ()

Where the left part is the Joule heating power; the items in the right represent the heat storage
rate of the SHF, the radiation and convective heat loss rate, respectively. Here U refers to the
applied DC voltage, R the electrical resistance of the SHF, t the heating time, C the heat capacity

of the material, A the surface area of the SHF, € the material’s emissivity, o the Stefan-

Boltzmann constant, T the instantaneous temperature of the SHF, T, the initial ambient

ACS Paragon Plus Environment
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temperature, h the convective heat transfer coefficient. By solving this differential equation, we
could obtain the expressions of the time-dependent temperature T, the time constant 7, and the

Tsq¢ of the SHF in equations (2-4), respectively.

©CoO~NOUTA,WNPE

11 v -
12 T—TO-I—M'(:[—@ T) (2)

_ P2C2
14 T=—T 3)

17 T o =T 4 L. U
18 sat 0 21th RnIZT

(4)

20 Here, hrefers to the total heat transfer coefficient, p, and c, the density and specific heat
capacity of the rubber layer, r and [ the radius and length of the SHF, R,, the normalized

25 resistance of the SHF.

27 As a result, we could make rational expectations about the heating performance of the SHF:
first, the heating time needed to reach saturation lasts longer with the increase of the radius of the
32 SHF; second, the saturation temperature is affected by several parameters collectively, and for a
34 specific SHF sample, the applied voltage determines the ultimate saturation temperature in a

37 quadratic relationship. We further extracted the relationship of the saturation temperature versus

39 the applied voltage for a specific SHF from Figure 3a, the time constant and saturation

temperature at a constant input voltage to the radius from Figure 3b, as displayed in Figure 3d-f.
44 Good linear fitting was observed for Tsq~U?, T~ and Tsat~%. The experimental results

47 coincided well with the modeling expectations, confirming the validity of the above mechanism

49 analysis.
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Figure 3. The heating performance of the SHF and the thermodynamic analysis. a) The time-
dependent temperature curves of the SHF under different constant DC voltages from 0.9V to 6V.
b) The time-dependent temperature curves of the SHF with different radius (from 0.5 mm to 2
mm) under constant DC voltage of 0.9V. ¢) The saturation temperature variation of the SHF at
extended heating cycles under DC voltage of 3V. d) The experimental results of Tgg~U?

(extracted from Figure 3a) and the linear fitting. €) The experimental results of T~r (extracted
from Figure 3b) and the linear fitting. f) The experimental results of Tsap_i (extracted from

Figure 3b) and the linear fitting.

Heating performance of the SHF under various mechanical deformations. As wearable
heaters in daily life would unavoidably suffer mechanical impacts during human body
movements, especially at the joint positions for articular thermal therapy, it is absolutely
essential to evaluate the heating performance of the SHF when subjected to mechanical
deformations. Figure 4a recorded the temperature variation curves of a SHF (I=6 cm, r=0.5 mm),
which was first heated to specific temperatures at constant DC voltages (53 °C at 2V, 66 °C at

2.5V) and then stretched to step strains of 20%, 40%, and 80% consecutively. The results

ACS Paragon Plus Environment
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demonstrated that the SHF continued working stably though the imposed tensile strains led to a
corresponding heating temperature decrease. Specifically, at strain of 40%, the heating

temperatures of SHF decreased only a little bit, from 53 °C and 66 °C to 46 °C and 61 °C,

©CoO~NOUTA,WNPE

respectively. These results were much better compared with a wearable AgNW/PDMS film

13 heater,"® where a strain of 30% caused a temperature decrease from ~57 °C and ~70 °C to ~40 °C
15 and ~45 °C. This advantage stemmed from the superb resistance stability of solid-core structured
18 SHF under tensile strain: only a resistance increase of 4% and 8% at strains of 20% and 40%

20 (Figure 2a), respectively. While the strain increased to 80%, the heating temperature descended
to 33 °C and 47 °C. An alternative strategy to offset the temperature decline is to raise the DC

25 voltage, under the guidance of equation (4).

28 We further took IR thermal images of a SHF under different kinds of deformations. As
compared with the original state (Figure 4b), the heating temperature of the SHF went through
33 imperceptible change under bending (Figure 4c¢) and twisting (Figure 4d) deformations, owing to
35 its exceptionally stable electrical conductance on these conditions (as testified in Figure 2b-c).
Figure 4e displayed that a slight temperature drop occurred when the SHF was stretched to strain
40 of 50%, consistent with the results in Figure 4a. Also note that the SHF could offer continuous

42 heating during the whole stretching-releasing process (Movie S1, Supporting Information).
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Figure 4. Heating performnce of the SHF under various mechanical deformations. a) Time-

dependent temperature curves of a SHF being stretched to strain of 20%, 40% and 80%

consecutively under DC voltages of 2V and 2.5V. b) IR thermal image of a SHF ({=4 cm, r=0.5

mm) at original state (straight) under constant voltage of 1.2V. c¢) IR thermal image of the SHF at

bending state. d) IR thermal image of the SHF at twisting state. e) IR thermal image of the SHF

at stretching (strain of 50%) state.

The integration of the SHFs into the WSPHS. To demonstrate the feasibility of the SHF

in wearable applications, we weaved the SHFs into a heating fabric, and then integrate it with

clothes and MCU, resulting in a WSPHS controlled by a smart phone, as illustrated in the

process schematic (Figure 5a, detailed information in Experimental Section). Figure 5b (inset)

ACS Paragon Plus Environment
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showed a heating fabric made from weaving the SHFs and the temperature distribution on the
heating fabric (DC voltage of 1.8V) was fairly uniform. The heating fabric also inherited the

flexibility and provided enough breathability due to the weaving structure compared with other

©CoO~NOUTA,WNPE

film-structured wearable heaters (Figure S5, Supporting Information). Additionally, to evaluate
13 the washability of the heating fabric, a repeated washing test (Experimental Section) was carried
15 out, and no obvious heating performance degradation of the heating fabric was found after 40

18 times washing (Figure S6, Supporting Information). Figure 5S¢ depicted the operation process of
20 the WSPHS (detailed information in Supporting Information): the MCU read the body
temperature through the temperature sensor and transmitted it to the Android phone wirelessly
25 with the aid of a Bluetooth module; the user sent the controlling signal to the MCU wirelessly

27 through the Android phone to adjust the output DC voltage applied on the heating fabric, thus
regulating the heating temperature as needed. This integration made the wearable heater more

32 portable, convenient, and user-friendly for daily use.”’ As practical application demonstrations,
34 the wearable heating fabrics were fixed onto a kneepad at knee position of a human body (Figure
37 5d) and a coat at chest position of an infant model (Figure 5g). From the IR thermal images

39 before (Figure Se, h) and after (Figure 5f, i) switching on the device, the heating fabric
effectively heated the corresponding positions, indicating the viable applications in wearable

a4 articular thermotherapy and warm keeping. The especially stable electrical conductivity ensured
46 the effective operation of the heating fabric for articular thermotherapy even when the wearer
was in motion, for example, knee flexion&extension (Movie S2, Supporting Information). Figure
51 5j showed the software interface on an android phone which mainly included the real-time body
53 temperature monitoring and heating temperature controlling. The software helped to read the

body temperature of the wearer (the infant model in this case, Movie S3, Supporting

ACS Paragon Plus Environment
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Informmation), which ensured safety in use. This WSPHS holds great application promise in
articular thermotherapy, where frequent mechanical deformations are involved during human
body movements, and in warm-keeping for people, especially ones with mobility problems, like

babies, the elderly, and the disabled.

microchip
. cloth/clothes
SHF Heating fabric WSPHS
b c
Temperature Sensor Wireless
v transmission
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Figure S. The integration of SHF into WSPHS and the practical wearable applications. a)

Process schematic of the integration of WSPHS: weaving SHFs into heating fabric and then
integrating the heating fabric with cloth/clothes and a microcontroller chip. b) The IR thermal
image of the heating fabric under DC voltage of 1.8V and the photo of the heating fabric (12
SHFs weaved in a cross pattern). ¢) The schematic illustration of the operation process of the
WSPHS. d) The photo of the WSPHS application at the knee position (marked by the dotted box)
of a human body. IR thermal images before e) and after f) switching on the device (DC voltage

of 1.4V). g) The photo of the WSPHS application at the chest position (marked by the dotted box)

of an infant model. IR thermal images before h) and after 1) switching on the device (DC voltage

ACS Paragon Plus Environment
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of 1.4V). j) The software interface on an android phone which read the body temperature and

controlled the heating temperature.

©CoO~NOUTA,WNPE

CONCLUSION

In our work, we have made a successful combination of new material (copper nanowire and

15 yarns), unique structure (solid-core structured composite fiber with hierarchical configuration),
17 and microelectronics (a wearable and smart personal heating system capable of remote
monitoring and controlling through a cellphone). We also achieved a breakthrough in high

22 maintenance of conductivity under stretching for stretchable and conductive fiber (resistance
24 increase of 8% at strain of 40%), realized rapid heating under low voltage (from 20 °C to 57 °C
27 at a DC voltage of 3 V within 20s), modeled the heat transfer process and analyzed the critical
29 parameters for heating performance in depth. The practical application of the WSPHS is
successfully demonstrated by heating up knee position of a human body as articular

34 thermotherapy and chest position of an infant model as warm keeping.

Experimental section

42 The fabrication process of the SHF: A modified solvothermal method was adopted to

44 synthesize CuNWs.*"*! After washing with toluene and transferring into ethanol, a high

47 concentration of CuNW dispersion (30mg/ml) was obtained. The PE yarn (diameter of ~ 700

49 um), consisting of a bunch of PE microfibers (diameter of 20-25 um), was dipped into the CUNW
51 dispersion and then dried in air. Repeat the dip-coating process to increase the CuNWs content

54 on the PE yarn. After that, the PE yarn with CuNWs coating was treated in H, plasma for 10 min.

56 Lastly, the PE yarn with CuNWs coating was dipped into (leaving the two ends out for electrical

ACS Paragon Plus Environment
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connecting) a liquid silicon rubber precursor from a 1A:1B mixture by weight (Ecoflex 00-30,
Smooth-On, Inc. ) and then cured in oven (100 °C, 10 min). During this rubber coating
processing, the PE yarn could either be stretched to about 50% to allow the infiltration of liquid
rubber precursor into the inner hollow space to obtain a solid-core structured SHF, or just coated
by liquid rubber precursor on the outside surface to obtain a hollow-core structured SHF. Note
that, the polymer coating on the outside surface caused a resistance increase of about 10-20%;
the polymer infiltration of the stretched sample led to a resistance increase to 3 times.

The integration of SHFs into WSPHS: The heating fabric was first weaved from 12 SHFs
(I=8 cm, r=0.5 mm, R,=2.5 Q/cm) in a cross pattern (pitch size of 0.5cm). Then copper wires (2
pum in diameter) were connected to the two ends of the SHFs as external electrodes with the help
of conductive copper tape and silver paste. The heating fabric was connected to the digital
controlled DC voltage source output module on the microchip controlled by the MCU with all
the SHFs in a parallel manner. At last, the heating fabric and microchip were fixed onto various
clothes, in this paper, the kneepad and a coat for an infant model, with the aid of medical tapes.

Testing of the washability of the heating fabric: The heating fabric was soaked into water
and cleaned ultrasonically for 10min. After the cleaning, the heating fabric was dried with a
blower. A DC voltage of 1.8V was applied on the heating fabric, and the saturation temperature
of the heating fabric was read from the time-dependent temperature curves recorded by an IR
camera. Repeat this process and obtain the saturation temperature variation along with the
washing times.

Characterization: The SEM characterization was accomplished using a Hitachi SU8200 FE-
SEM. In the testing relative resistance variation along with the strain, the strain loading was

implemented with a high-precision motorized linear stage (displacement resolution of 2.5 pm)
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and the electrical resistance was recorded with a FLUKE-15B digital multimeter. In the bending
test, the SHF ([=2 cm, r=0.5 mm, R,=2.5 Q/cm) was wrapped tightly around a cylinder with

different radius and measured the relative resistance variation. In the twisting test, the SHF (1=8

©CoO~NOUTA,WNPE

11 cm, r=0.5 mm, R,=2.5 Q/cm) was twisted through a high-precision motorized rotation stage
13 (angle resolution of 0.0025°). The time-dependent temperature curves and the IR thermal images

16 were obtained by an IR thermal camera.

21 ASSOCIATED CONTENT

25 Supporting Information. Detailed thermodynamic analysis of the heating response of the SHF,
27 detailed information of the WSPHS, Figure S1-S8, Supporting movie S1-S3. This material is

available free of charge via the Internet at http://pubs.acs.org.
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