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Abstract
The increasing demand for smart fabrics has inspired extensive research in the field of
nanomaterial-based wearable heaters. However, existing stretchable heaters employ polymer
substrates, and hence require additional substrate-fabric bonding that can result in high thermal
contact resistance. Moreover, currently used stretchable fabric heaters suffer from high sheet
resistance and require complex fabrication processes. In addition, conventional fabrication
methods do not allow for patternability, thus hindering the fabrication of wearable heaters with
diverse designs. Herein, we propose an improved spray coating method well suited for the
preparation of patternable heaters on commercial fabrics, combining the structural stability of
carbon nanotubes with the high electrical conductivity of Ag nanowires to fabricate a stretchable
fabric heater with excellent mechanical (stretchability≈50%) and electrical (sheet
resistance≈22Ω sq−1) properties. The fabricated wearable heater reaches typical operating
temperatures of 35 °C–55 °C at a low driving voltage of 3–5 V with a proper surface power
density of 26.6–72.2 -mW cm 2 (heater area: ´3 cm 3 cm) and maintains a stable heating
temperature for more than 30 h. This heater shows a stable performance even when folded or
rolled, thus being well suited for the practical wearable applications.

Supplementary material for this article is available online

Keywords: fabric heater, smart fabric, carbon nanotube, silver nanowire, spray coating,
stretchable, nanocomposite

(Some figures may appear in colour only in the online journal)

1. Introduction

Recent technological advances have resulted in an increased
demand for smart textiles, which are widely used in medical
and healthcare, sport and fitness, protection and safety, and
military applications [1]. Moreover, smart textiles have found
diverse applications in organic solar cells, thermoelectric and
piezoelectric devices, electrochemical energy storage devices,
and chromatic and actuating devices [2]. In particular, smart
textile-based functional fabric heaters are expected to find

numerous real-life applications, such as automobile defrost-
ing, temperature preservation, thermal therapy, and controlled
drug delivery, and have therefore been widely investigated
[3–6]. For such heaters to be practically applicable, they must
exhibit high stretchability, flexibility, portability, body con-
formability, patternability, and low power consumption.
Polymer-nanocomposite [7–25] film heaters comprising
flexible and conductive nanomaterials, such as graphene
[13, 14], carbon nanotubes (CNTs) [15–17], and metal
nanowires (NWs) [18–25], as well as polymers, such as
polydimethylsiloxane (PDMS) and polyethylene terephthalate
(PET), meet the abovementioned requirements but exhibit the
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inevitable disadvantage of additional thermal contact resist-
ance as they must be additionally attached to clothing when
used. Although this thermal contact problem can be solved by
the use of sewable conductive threads, such as graphene fibers
[26], conductive polymers [27], and CNTs/graphene com-
posite [28], this approach has certain fundamental limitations
such as strain-induced rapid resistance change and high
electrical resistance of polymer.

The abovementioned limitations have triggered numer-
ous studies on the direct deposition of nanomaterials onto
commercial fabrics as a way of circumventing the problem of
additional thermal contact resistance. Unfortunately, unlike in
the case of polymer-nanocomposite film heaters, the tech-
nology of nanomaterial-based fabric heater fabrication is still
limited by the narrow choice of heating materials and coating
methods. Generally, CNTs [29] and poly(3,4-ethylenediox-
ythiophene) [3, 30–32] are frequently selected as conductive
materials because of their excellent mechanical strength/
electrical conductivity and good adhesion to the fabric sub-
strate. However, these materials require high driving voltages
and exhibit low stretchability. In addition, dip coating
[3, 4, 29, 33], which is most widely used because of the
nonuniformity and high roughness of the fabric surface, does
not allow patterning on fabric and consequently requires the
entire cloth to be used as a heater. Consequently, the dip-
coating method cannot be applied to the fabrication of fabric
heaters with diverse designs. The same problems are also
observed for other methods such as polymerization
[31, 32, 34]. Although there are some exceptions, such as
physical vapor deposition [35] and dip-coating of thread [5],
which can make patterns with a shadow mask or weaving,
these are not very efficient method. The former requires high
vacuum equipment for deposition and the latter requires
sewing process of dip-coated threads. Recently, Zhang et al
[6] developed a carbonization method and employed a weft-
knitted fabric structure to fabricate a heater with low electrical
resistance and high stretchability; unfortunately, this method
necessitates the use of high temperature (>1000 °C) and does
not allow patterning. Therefore, the fabrication of fabric
heaters with high stretchability, patternability, body con-
formability, flexibility, low driving voltage, and stable per-
formance remains challenging.

Herein, we solve the abovementioned issues and fabri-
cate a high-performance fabric heater by direct spray coating
of CNTs/Ag NWs onto a fabric and realize patterning in a
several-millimeter scale by using a shadow mask (figure S1
is available online at stacks.iop.org/NANO/30/455707/
mmedia). In particular, CNTs were used as the main struc-
tural material to improve the network structure and
mechanical stability, while Ag NWs were used as a sup-
porting material to increase the electrical conductivity
[8, 10, 12, 24, 36, 37]. The polymer-encapsulated fabric
heater maintained a stable temperature even when folded or
rolled, and long-term performance testing revealed that a
stable state could be maintained without any temperature
change for more than 30 h at high temperature (100 °C). In
addition, the whole fabrication process was performed at
room temperature in the absence of special chemical

treatment and costly facilities, and was found to be suitable
for large-scale low-cost production. Finally, the developed
technique was used to fabricate a flexible heater on com-
mercial cotton gloves as well as a flexible and portable
defrosting heater.

2. Experimental

2.1. Preparation of the coating solution (CNT/Ag NW)

Multi-walled CNTs (Hanwha, Korea) were mixed with iso-
propyl alcohol (IPA; Sigma Aldrich Korea, Korea) to achieve
a loading of 0.02 wt%, and the resulting mixture was sub-
jected to sonication for 10 min (VCX-130 tip sonicator,
Sonics and Materials, USA). The sonication process com-
prised a series of 3 s injections followed by 1 s rest periods to
prevent the thermally induced aggregation of CNTs. The
obtained solution was treated with Ag NWs solution (UniN-
ano Tech, Korea) and deionized (DI) water to achieve a NW
loading of 0.02 wt%, sonicated for 5 min as described earlier,
and allowed to cool to room temperature over 30 min.

2.2. Preparation of the fabric heater

The dispersion obtained earlier was spray coated using a
spray coater (EFD 781S, Nordson EFD Korea, Korea; inner
diameter of nozzle=1.17 mm) on a 3 cm×3 cm×0.02 cm
piece of stretchable fabric substrate (80% nylon, 20% poly-
urethane, thickness: 0.2 mm) at a pre-strain of 30% to allow
the penetration of conductive nanomaterials into the fabric. A
regulator pressure of 0.05MPa and a round-pattern nozzle
(#7857-46SS, Nordson EFD Korea, Korea) were used. The
basic sequence of the coating process corresponded to a 3 s
spraying followed by a 10 s waiting period for solvent
absorption. An absorbent (cleanroom wiper) was placed
under the fabric to absorb solvent residues. To prevent the
formation of large cracks and CNT/Ag NW aggregation, the
impregnated fabric was oven-dried for 30 min at 50 °C after
15 ml of the solution was spray coated in each cycle (3 cycles
and 45 ml of the coating solution was consumed in total,
which means 5 ml cm−2). During the drying process, inten-
tional cracking was applied using a customized manual linear
stage with a fixed strain of 30% for preventing the aggrega-
tion of nanomaterials.

After spray coating was completed, the fabric side was
fitted with a Cu wire using Ag paste (Dotite D-500, Fujikura
Kasei, Japan) as a conductive adhesion material, and the
(sample+Cu electrode) assembly was oven-dried at 50 °C
for 2 h. Finally, liquid silicone rubber precursors (Ecoflex
00-30, Smooth-On, USA) were poured onto the sample and
cured at 50 °C in a convection oven for 1 h. To eliminate air
bubbles and mix the precursors, liquid precursors were mixed
through centrifugation.

2.3. Optimization of the Ag NW:CNT weight ratio

The solution of CNTs in IPA prepared as described in
section 2.1 was treated with Ag NWs to achieve Ag NW:CNT
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weight ratios of 0:4, 1:3, 2:2, 3:1, and 4:0. For each ratio,
35 ml of the solution was coated, and the prepared samples
were characterized through scanning electron microscopy
(SEM; Sirion, FEI Co., the Netherlands) and sheet resistance
measurements (FPP-2400 four-point probe, Dasol Eng,
Korea). For the sheet resistance measurements, five portions
of the same sample were examined. The occurrence of mil-
limeter-sized cracks was recorded visually for some samples,
which had high degree of CNT aggregation upon the appli-
cation of 30% strain. The optimized composition of coating
solution was identified as 0.02 wt% CNTs and 0.02 wt% Ag
NWs; 45 ml of this solution was coated onto the fabric to
prepare a heater for further characterization.

2.4. Characterization of the fabric heater

During experiments with the fabricated heater (3 cm×3 cm),
the temperature was recorded by a data logger (midi LOG-
GER GL220, Graphtec, Japan). Strain was applied using a
high-precision motorized linear stage, and electrical resistance
and current were measured using a source meter (Keithley
2400, Tektronix, USA). As the heater stiffness was too low to
allow the use of the linear stage for bending and rolling tests,
these tests were performed using PET as a foldable mounting
substrate. Voltage was applied utilizing a power supply (UP-
3005D, UNICORN TMI, Korea), and infrared (IR) thermal
imaging was performed by an IR thermal camera (E6, FLIR
Systems, USA).

2.5. Heating glove fabrication and defrosting test

A commercial black cotton glove (70% cotton, 30% polye-
ster) was coated with the coating solution (CNT/Ag NW)
described earlier. Except for the part to be coated, the glove
surface was masked by taping. The Cu wire/Ag paste elec-
trodes and protecting polymer were fabricated, as described in
section 2.2, and covered with the same glove fabric as a
protective layer. For the defrosting test, a large size fabric
heater (4 cm×3 cm) was fabricated as described in
section 2.2. The defrosting test was carried out in a freezer
room at an ambient temperature of −15 °C. Frosted glass was
placed on the fabric heater (5 cm×5 cm) and imaged at 30 s
intervals after Joule heating by using a DSLR camera (EOS
750D, Canon, Japan). Image analysis was performed using
Matlab (MathWorks, USA). Black pixels (defrosted) were
represented as 0, while white pixels (frosted) were repre-
sented as 1, and intermediate colors were divided by 255. Full
defrosting was defined as 0% frost, and the initial state was
defined as 100% frost.

3. Results and discussion

3.1. Preparation of the fabric heater

As mentioned in section 1, general coating methods cannot be
easily applied to fabrics because of their nonuniform surface

morphologies, i.e. few technologies are currently available for
the fabrication of fabric heaters with high stretchability, low
driving voltage, and patternability. Therefore, in this study,
we resolved the abovementioned problem by modifying the
existing spray coating method as well as the materials for
coating to make it applicable to fabrics and utilized the
developed technique to fabricate a stretchable and patterned
fabric heater.

The first improvement from the existing method corre-
sponds to the transfer of nanomaterials onto the fabric and the
absorption of solvent flowing to the back of the fabric. In
general, spray coating requires continuous drying to prevent
the surface of the target material from being wetted by the
accumulated solvent or the detachment of already coated
nanomaterials [38]. Therefore, we employed a breathable
fabric to shorten the drying time and prevent the coating
solution from interfering with nanomaterial adhesion. In
specific, a clean wiper capable of fast solvent absorption was
placed on the back of the fabric to limit the water content in
the fabric during the spray coating process. When the sprayed
solution reached the fabric substrate, the dispersed nanoma-
terials adhered to the fabric, while the solvent flowed into the
fabric and was absorbed by the wiper, allowing the fabric to
be rapidly coated by large amounts of Ag NWs/CNTs.

The second improvement corresponds to the presence of
DI water (20 wt%) in the solvent. Apart from toxic solvents,
which are not recommended as green solvents such as
dimethylformamide, IPA is commonly used for CNT dis-
persion [39, 40]. However, IPA has a high evaporation rate,
which does not leave much time for the nanomaterials (Ag
NWs/CNTs) to penetrate into the fabric; this results in a weak
bonding of nanomaterials with the fabric. Figure S2 shows a
photograph of the sample’s backside after spray coating at
30% pre-strain, revealing that when a DI water/IPA mixture
was used as a solvent, the fabric’s backside was penetrated by
CNTs to a greater depth and turned black. In addition, when
the water droplets containing nanomaterials of the same
concentration and amount were placed on the fabric, deeper
nanomaterial penetration was observed for a DI water/IPA
mixture (compared to the case of pure IPA). The black color
on the coated surface (i.e. front side) faded because water
droplets penetrated into the fabric after being placed thereon
(figure S3). In conclusion, IPA allowed for CNT dispersion
and DI water allowed for deeper penetration of nanomaterial
into the fabric with less evaporation; this resulted in the for-
mation of a robust nanomaterial network within the fabric and
reduced temperature variation of the fabric under applied
strain (figure S3). A more detailed description of the solvent
system and cross-sectional images of the fabric heater pre-
pared using different solvents and pre-strain levels are pro-
vided in figure S4.

Figure 1(a) shows a schematic illustration of the fabri-
cated heater, illustrating that the absorption of the coating
solution by the fabric was accompanied by nanomaterial
transport through the strain-widened yarn gaps and resulted in
the deposition of these nanomaterials inside the fabric. After
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coating, a Cu wire electrode was applied to the coated fabric
using Ag paste and encapsulated with a highly stretchable
(elongation at break=900%) polymer, Ecoflex 00-30. The
high stretchability and wide operation temperature range
(−65 °C to 232 °C) of Ecoflex allow the textile and defrosting
heaters to be operated without any stretchability degradation.

Although the low thermal conductivity of rubber may result in
temperature differences between the polymer surface and
inner heating layer (Ag NW/CNT layer), the results of sur-
face temperature measurements were indicative of sufficient
wearable heater performance, with further details provided in
the electrothermal characteristics part of figure 2.

Figure 1. Production of a stretchable and flexible fabric heater. (a) Schematic illustration of the spray coating process. (b) Photograph of the
fabric substrate before/after nanomaterial deposition. (c) SEM images of deposited Ag NWs and CNTs.

Figure 2. Heating performance and electrothermal properties of the stretchable fabric heater. (a) IR thermal image of the heater at an applied
voltage of 5 V. (b) Heater response to different electrical voltages and power densities. (c) Temporal change of the heater temperature
subjected to different constant DC voltages. (d) I–V characteristics of the heater. (e) Dependence of heater temperature on applied voltage.
(f) Results of cyclic thermal on/off testing at an input voltage of 4 V (plot shows average temperatures).
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Figure 1(b) shows the change of fabric color upon spray
coating of CNTs+AgNWs and attaching electrodes, and
figure 1(c) shows the SEM surface images and reveals the
formation of a network of CNTs connecting deposited Ag
NWs. Notably, these nanomaterials were well-coated on the
fabric without any voids, although CNT agglomeration was
observed in some areas; this was ascribed to the imperfect
dispersion of CNTs in solution and the aggregation of Ag
NWs/CNTs during drying. Likewise, nanomaterials can also
aggregate as a whole, resulting in the formation of large
cracks when strain is applied. Thus, intentional cracking
during the drying process prevented the formation of large Ag
NW/CNT aggregates. As shown in figure S5, the aggregation
of Ag NW/CNT resulted in the formation of large cracks
under applied strain if it was dried without intentional
cracking.

3.2. Effects of the Ag NW:CNT ratio

The Ag NW:CNT weight ratio was optimized to fabricate a
high-performance fabric heater with low sheet resistance,
robust structure, flexibility, and a stable nanomaterial net-
work. The optimization result of Ag NW:CNT weight ratio is
shown in table 1.

When the coating solution contained only Ag NWs
(entry 1), no current flowed between the electrodes as these
nanowires were not connected in a network. However, when
the coating solution contained only CNTs (entry 5), a rela-
tively high sheet resistance (82Ω sq−1) was obtained, and the
high degree of CNT aggregation resulted in cracking upon
strain application. Thus, it was concluded that the inclusion of
both nanomaterials is required for the optimal heater perfor-
mance. CNTs have a lower density than Ag NWs, implying
that for the same total weight of nanomaterials loaded, the
volume of the substrate filled with conductive nanomaterials
increases with increasing CNT:Ag NW weight ratio. More-
over, the use of CNTs solves the problem of poor adhesion of
Ag NWs to the fabric owing to the nonuniformity of its
surface. It is worth mentioning that more Ag NWs were
observed on the fabric surface in the case of entry 2 than in
the case of entry 1, despite the concentration of Ag NWs in
the coating solution being lower in the former case. Thus, it
can be presumed that many Ag NWs flow out with the solvent
unless a trapping network of CNTs is formed during spray
coating. From this experiment, preferred solution composition
affording high conductivity and stability was found to cor-
respond to entry 2. Typically, Ag NW/CNT hybrid films are
fabricated using Ag NWs as the main material to ensure the
electrical conductivity and CNTs as a secondary material for
the structural stability (Ag NWs:CNTs=1:1, w/w) [12, 41].
In this study, we found that the nonuniform surface morph-
ology and breathability of the fabric also necessitated the use
of similar amounts of CNTs to those of AgNWs (i.e. Ag NW
content=CNT content=0.02 wt%) to form a stable net-
work. The stretchable fabric heater prepared by spray coating
45 ml of the optimum-composition Ag NW/CNT solution
featured a low sheet resistance of 22Ω sq−1 and high

stretchability (∼50% strain; defined as the maximum tensile
strain at which the original resistance was restored even after
10 000 cyclic strain tests).

3.3. Electrothermal characteristics of the fabric heater

Figure 2 shows the electrothermal properties of the stretchable
fabric heater (central heating zone area=3 cm×3 cm)
prepared under optimal condition explained in section 3.1.
The IR image obtained at an input DC bias voltage of 5 V is
shown in figure 2(a), while the results of elastomer surface
temperature and power consumption are provided in
figure 2(b). The latter figure demonstrates that the fabricated
heater exhibited a relatively lower power consumption
(26.6–72.2 mW cm−2 for 35 °C–55 °C) than those reported
previously [29] allowing typical operating temperatures of
35 °C–55 °C to be easily reached at low driving voltages of
3–5 V under overall power consumptions of 239–650 mW.
Additionally, stable temperature (56.7 °C±0.5 °C at 5 V,
78.3 °C±1.5 °C at 7 V) could be maintained for more than
30 h without nanomaterial failure (figure 2(c)), and the heater
resistance (∼42 Ω) maintained almost constant during heating
(figure 2(d)). Although Ag NWs are known to react with
oxygen or sulfur-containing gases in the ambient, leading to
the failure by oxidation or sulfurization [42–44], it is pre-
sumed that the protective coating by Ecoflex provided Ag
NWs with higher resistance to these failures in this study. The
voltage-dependent temperature increase could be well mod-
eled using the theoretical relationship of Q=V2/R, where Q
is the power dissipated in the heater, V is the input voltage,
and R is the heater resistance (figure 2(e)).

Moreover, the on/off cyclic test at an applied input DC
bias voltage of 4 V revealed a stable behavior of the heater
(figure 2(f)). When considered together, the abovementioned
results demonstrate an excellent electrothermal performance
of the fabricated heater.

3.4. Electromechanical characteristics of the fabric heater

In order for the stretchable heaters to be practically applicable,
they should maintain consistent performance under various
mechanical deformations and exhibit excellent fatigue resist-
ance. Therefore, the fabricated heater was subjected to elec-
tromechanical characterization tests (figure 3). The fabric of
the weft-knitted structure used in this study had a wale and
course directions according to the woven direction, with the
course direction having a larger maximum elongation than that
of the wale direction due to the woven structure of weft-knitted
fabric. For the fabric employed in this work, plastic deforma-
tion, which indicates maximum stretchability of the fabric
itself, occurred at about 50%–70% strain in the course direction
and at 30%–50% strain in the wale direction. Figure 3(a) shows
the heater temperature change for each direction under applied
strain. The observed temperature change (�18%) within 30%
strain in each direction can be regarded as a small value in
wearable applications [45]. This behavior was ascribed to the
fact that Ag NWs/CNTs could penetrate well into the fabric
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and create a conductive layer that allowed current flow (via a
serpentine route) even when strain was applied (further details
are provided in figure S3). To ensure reliability, a resistance
change experiment (figure 3(b)) and a cyclic strain test
(figure 3(c)) were also performed for the course direction. In all
tensile tests, the direction of applied voltage was parallel to that
of the applied strain. At 70% strain, the fabric experienced
plastic deformation and took a long time to recover; conse-
quently, a permanent resistance increase was observed when
the cyclic test was performed at 70% strain. In contrast, neg-
ligible resistance changes (within 5%) were observed during
10 000 cycles at 30% and 50% strains, i.e. at strain values that

can be encountered during practical applications; this demon-
strated that the fabricated heater exhibits excellent mechanical
characteristics. Mechanical robustness against folding and
rolling, which is one of the most important characteristics of
wearable electronics, was investigated as shown in figures 3(d)
and (e). Notably, folding and rolling resulted in only negligible
resistance change (within 5%), and IR imaging of folded and
rolled states revealed that their temperature equaled that of the
initial state. Thus, the high flexibility of Ecoflex 00-30
(Young’s modulus≈34.8 kPa) and the stable structures of the
Ag NW/CNT network resulted in excellent foldability and
rollability of the heater.

Table 1. Effect of the CNT:Ag NW weight ratio on the fabric heater performance.

# SEM image (5000×) SEM image (50 000×)

CNT/
Ag
NW
(wt%)

Amount of
coating
solution
(ml)

Average
sheet resist-
ance (Ω sq−1)

Cracks after
stretching (O:
occurred, X: did

not occur)

1 0.00/
0.04

35 ∞ X

2 0.01/
0.03

35 157±28 X

3 0.02/
0.02

35 34±4 X

4 0.03/
0.01

35 47±12 O

5 0.04/
0.00

35 82±5 O
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3.5. Demonstration of wearable and defrosting heaters

To demonstrate the practical utility of the developed
approach, we applied it to fabricate wearable heaters and
portable defrosting heaters (figure 4).

First, we demonstrated that the employed fabrication
process is applicable to a wide range of commercial textiles
by using cotton gloves as a model substrate for Ag NW/CNT
deposition. After Cu electrodes were fitted using Ag paste and
Ecoflex 00-30 was applied as a cover polymer, Joule heating
caused by the input voltage application occurred only in the
nanomaterial-coated part. IR imaging showed that the heater
worked well at an input DC voltage of 8 V, and a low-
temperature manikin was used to clearly distinguish the
heated part (figure 4(a)). Figure 4(c) shows the effect of
applied voltage on the temperature change of the glove heater,
revealing that the driving voltage of the heater formed on
fingers exceeded that of the heater formed on the back of the
hand. This finding was ascribed to the fact that the heating

areas of these two heaters were different and the surface
morphology of the finger part featured numerous curved
areas, highlighting the need for further optimization of the
fabrication process for the substrates with different surface
morphologies and three-dimensional curvatures. Under iden-
tical conditions (coating degree, drying time, etc), the per-
formance of the glove heater was different from that of the
previously described model heater; this is ascribed to the
corresponding differences in employed materials and surface
morphology. However, this demonstration showed the feasi-
bility of direct heater fabrication on any commercial fabric.
To the best of authors’ knowledge, this work is the first report
of a stretchable heater prepared by direct coating of con-
ductive nanomaterials onto a fabric without the additional
attachment of heaters or sewing threads.

Second, the performance of the portable defrosting heater
was evaluated by placing frosted glass on the heater and
measuring the fraction of the frosted area as a function of time
at different power densities and maintaining an ambient

Figure 3. Mechanical and electrical properties of the stretchable fabric heater. (a) Change of temperature with time during stretching in
different directions. (b) Change of electrical resistance with applied strain. (c) Effect of maximum strain on heater’s thermal stability during
repeated stretching. Photographic/IR thermal images and resistance changes during repeated (d) rolling and (e) folding tests. Except for ‘(a)’,
strain was applied in the transverse (course) direction, and input voltage of 5 V was used. R0 » W42( ) is the initial resistance of the heater and
T0 » 55 C( ) is the initial temperature of the heater under input voltage of 5 V. The transverse and longitudinal directions are the course and
wale directions, respectively, in (a) and (c).
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temperature of −15 °C (figure 4(d)). No change of frosted
area fraction was observed at the reference temperature,
whereas sudden defrosting (50%–80%) occurred when a
voltage was applied. In the initial 80%–100% frost range, no
significant change of frosted area fraction was observed as the
glass layer was just heated. In the 50%–80% frost range, heat
was transferred directly from the glass to the frosted area via
thermal conduction, resulting in rapid defrosting. Subse-
quently, the defrosting rate decreased as the water layer
produced by frost removal from the glass surface reduced the
efficiency of further heat transfer. However, at a frosting
degree of <60%, the amount of generated water was suffi-
cient for the remaining frost to be easily removed by a screen
wiper or under the action of gravity. Thus, a power supply of
at least 71 mW cm−2, which can be easily provided by a car
battery or a portable battery pack, was sufficient to remove
frost within 120 s after the attachment of the heater to the
glass. The presence of a protective polymer coating prevented
fabric wetting by the produced water, and thus precluded
wetting-induced changes of heater performance, and the
enhanced rollability and foldability achieved in this study
were concluded to be well suited for the fabrication of prac-
tical foldable heaters.

4. Conclusion

In this study, we used spray coating of Ag NW/CNT
nanocomposites to prepare a fabric heater with high
stretchability (up to 50% without performance degradation
after 10 000 cycles) and low sheet resistance (22Ω sq−1),
demonstrating the practical applicability of the developed
technique to the fabrication of wearable heaters and portable
defrosting heaters. The unique characteristic of the employed
breathable fabric, optimization of Ag NW/CNT composi-
tions, and the utilization of DI water/IPA mixture allowed for
the deep penetration of Ag NWs/CNTs and resulted in high
mechanical robustness, stretchability, flexibility, rollability,
and foldability. The developed spray coating process was
shown to be applicable to the fabrication of wearable elec-
trodes or electronic platforms, and the excellent mechanical
and thermal characteristics of the produced fabric heater
implied that the adopted approach is well suited for electro-
thermal actuation or thermotherapy. Therefore, the present
study provides a new direction of research in the field of
wearable devices and can be viewed as a benchmark for
subsequent research.

Figure 4. Applications of the developed spray coating technique to the fabrication of wearable heaters and defrosting heaters. Photographic/
IR thermal images of a heater produced by coating of Ag NWs/CNTs on (a) the backside and (b) fingers of a cotton glove. (c) Dependence of
glove heater temperature on applied voltage. (d) Effect of applied power density on defrosting performance.
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