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ABSTRACT

The electric heaters used in wearable electronic devices require mechanical and
thermal stability against deformation and flexibility. In this study, we fabricated
a film heater by coating a flexible substrate with a network of silver nanowires
coated with chemical-vapour-deposited graphene (denoted as GPonAgNWs)
and observed the effect of the number of graphene layers on the heating per-
formance and stability. As the number of graphene layers increased, the max-
imum temperature and bending cycles that the GPonAgNW network could
withstand increased upon repeated bending deformation. Silver nanowire net-
works coated with two and four graphene layers could, respectively, withstand
temperatures of 58 and 70 °C for 18,000 bending cycles at a strain of 15%,
whereas a graphene-free silver nanowire network failed at 51 °C after 180
cycles. Moreover, a real-time analysis during cyclic bending deformation of the
silver nanowire network coated with four-layer graphene showed a stable tem-
perature variation within 2 °C despite the doubling of resistance for 180,000
cycles. Structural analysis and Monte Carlo simulation demonstrated that the
graphene-induced reduction of the contact resistance between the two nano-
wires could suppress the hotspots generated at the contact, thereby providing
an extended heater lifetime and stable heater performance in the GPonAgNW
network. Thus, we suggest that flexible heaters made of GPonAgNW networks,
exhibiting high reliability upon repeated deformation, can be used in wearable
devices.
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1 Introduction

Recently, electrically driven flexible heaters have
attracted considerable attention because of their
increasing use in a wide range of applications in
vehicles, work monitoring, medicine, and individual
thermal comfort controlling systems [1-10]. One of
main application of flexible heaters, the heated
clothing, currently uses embedded metal wires.
However, these wires have several drawbacks, such
as inflexibility, creation of a nonuniform heated area,
and inappropriate heating power supplied by bat-
teries. Thus, various conductive materials, such as
conductive polymers, carbon nanomaterials, and
metal nanowires, have been proposed to replace
these metal wires used in flexible heaters [10-12].
Metal nanowires have been extensively studied as
promising conductive materials for use in heaters
because they are simple and inexpensive to manu-
facture and exhibit a lower resistance than other
materials [1-3, 12-14]. Stretchable silver nanowire
(AgNW) network heaters fabricated on plastic sub-
strates and fabrics are found to operate successfully
at high temperatures and high strains [2, 14]. How-
ever, the high contact resistance between contacting
nanowires causes the formation of local hot spots in
the AgNW network by Joule heating, accompanied
by electromigration [15, 16]. Hybridization of gra-
phene, graphene oxide, and carbon nanotubes with
AgNWs has been conducted to improve the reliabil-
ity and long-term stability of AgNW network heaters.
Previous studies have revealed that flexible heaters
made of graphene and AgNW networks exhibit
temperature uniformity and stability when subjected
to mechanical deformation owing to the high elec-
trical and thermal conductivities of graphene [17-20].
They also separately showed that the increase in
resistance of the hybrid structure made of graphene
and AgNW network was smaller than that of the
AgNW network during cyclic bending deformation.
However, both mechanical deformation and heating,
especially with high stain, can increase the resistance
of the AgNW network, which, in turn, affects the
performance of the flexible heater. Therefore, moni-
toring the resistance and temperature changes during
mechanical deformation will aid in understanding
the role of graphene in the performance of GPo-
nAgNW flexible heaters compared with graphene-
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free AgNW network heaters; however, few studies
have been conducted thus far.

In addition, despite the excellent electrical and
thermal properties of chemical vapour deposition
(CVD) graphene, which are superior to those of
reduced graphene oxide and carbon nanotubes, its
hybridization with AgNWs is limited because the wet
transfer of CVD graphene onto the substrates can
deteriorate the underlying AgNW films [21, 22].

In this study, a hybrid CVD-graphene-coated
AgNW (GPonAgNW) network that can be used in
flexible heater applications was fabricated on a plas-
tic substrate. A number of graphene layers were
coated on the AgNW network by transferring it to
monolayer graphene several times using a dry
transfer method. The effect of the graphene layers on
the performance of a GPonAgNW network heater
was investigated through real-time measurement of
the temperature and resistance changes of the flexible
heater during cyclic deformation. Finally, the failure
behaviours of GPonAgNW and AgNW network
heaters were analysed through electron microscopy
and Monte Carlo simulation. In this study, we
determined the role of CVD graphene and effective
number of graphene layers in enhancing the perfor-
mance of GPonAgNW flexible heaters, including
sustainable temperature and stability. However, the
number of graphene layers required for stable heater
performance depends on the conductivity of the CVD
graphene, resistance of the AgNW network, and
strain condition of cyclic bending.

2 Experimental

2.1 Synthesis of CVD graphene and AgNW
films

CVD graphene was synthesized on a 25 pm thick Cu
foil (99.7% purity) using a low pressure CVD method.
A mixture of hydrogen and methane gases (H, 3
sccm/CHy 47 sccm) was introduced into a quartz
tube furnace and heated to 1000 °C under a pressure
of 460 mTorr, followed by the annealing of the Cu foil
for 30 min in a hydrogen atmosphere. To coat the
AgNWs with graphene, a dry transfer method using
a thermal release tape (Graphene supermarket) was
adopted. The adhesive layer of the tape was placed
on the as-grown CVD graphene on the Cu foil and
pressure applied to the tape using a rubber roll [23].
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The Cu foil was then etched with a solution of
ammonium persulfate dissolved in deionised water,
which made only the graphene attached to the ther-
mal release tape to remain. An AgNW network was
formed on a polyethylene terephthalate (PET) sub-
strate using a wet coating method. Commercially
available AgNWs dispersed in distilled water at a
concentration of 0.5 wt% were purchased from
DUKSAN Hi-Metal Corporation. The approximate
average diameter and length of the AgNWs were
40 nm and 20 pm, respectively. The AgNW solution
was coated on the PET substrate using a machine-
controlled Meyer-rod coating apparatus, and the
coated film was dried for 3 min at 100 °C in an air
circulating oven.

2.2 Fabrication of the GPonAgNW network
flexible heater

The fabrication of the GPonAgNW network flexible
heater, including the preparation of CVD graphene
and AgNW network films used in it, is schematically
shown in Fig. 1. First, the tape with CVD graphene
was pressed firmly onto the AgNW network on the
PET substrate, which was then heated to 90 °C, at
which temperature the tape lost its adhesiveness. The
graphene was thereafter separated from the thermal
tape and transferred onto the AgNW network on the
PET substrate. As indicated in Fig. 1, multilayer CVD
graphene can be coated on AgNW networks by
transferring onto them the desired number of
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monolayer graphene layers. Next, a copper tape
electrode was attached to the two ends of the GPo-
nAgNW film to enable voltage and current mea-
surements. Finally, an ultraviolet (UV) curable liquid
optically clear adhesive (LOCA) was placed on the
GPonAgNW film to get the top cover of the PET
substrate to encapsulate it. A GPonAgNW film heater
manufactured using this process is shown in Fig. S1.

2.3 Characterization

Field-emission (FE) Scanning Electron Microscopy
(SEM) was used to analyse the microstructures of the
GPonAgNW and AgNW network films before and
after their failure (Hitachi 5-4800). Raman measure-
ments of the films using a Renishaw Micro-Raman
spectroscopy system were taken to determine the
crystallinity and number of CVD graphene layers in
the films. To obtain the Raman spectra, all films were
excited with an Ar laser that had an excitation power
of 120 mW at a wavelength of 514 nm and a spot size
of 1 um. Optical transmission spectra of GPonAgNW
and AgNW network films were obtained using an
optical spectrometer (JASCO V-780) operating in the
300-800 nm wavelength range, and their optical
transmissions were observed at a wavelength of
550 nm.

2.4 Heating temperature measurements

The GPonAgNW and AgNW network heaters used
in this study had a two-terminal configuration with
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Fig. 1 Schematics showing the overall fabrication process of graphene-coated silver nanowire network flexible heater
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copper electrodes at the two ends as shown in Fig. 1.
A DC power supply (Keithley 2410) was used to
obtain the required heating power, and the current
flowing through the film heater was measured. The
temperature of the film measured using a thermo-
couple (K-type) attached to the film surface was
continuously monitored using data collection soft-
ware. In addition, an infrared camera (FLK-TIS20)
was used to observe the heat transfer through the
film over time at an emissivity (¢) of 0.94, corre-
sponding to the value of PET on top.

2.5 Cyclic bending test

The cyclic bending testing machine used in the study
was custom-made. The strain applied to the film was
controlled by adjusting the bending radius of the
film. The cyclic bending test was performed for
18,000 cycles with a curvature radius of 2 mm, cor-
responding to the 15% tensile strain on the 260 pm
thick film used in the experiment. To monitor the
temperature changes that occurred in the GPo-
nAgNW and AgNW network heaters during cyclic
bending, a thermocouple was attached to the centre
of the film surface subjected to tensile strain, while
DC power was supplied to the copper electrodes to
heat it. At the same time, the resistances of the
GPonAgNW and AgNW network heaters for a given
voltage were measured with a current meter to
monitor how the resistance changed as the heater
temperature changed.

2.6 Simulation

The electrical conduction characteristics of the GPo-
nAgNW and AgNW networks were studied using a
Monte Carlo simulation model, and the simulation
procedure is described in detail in the Supplementary
Information [24]. The GPonAgNW network was
modelled using the equivalent circuit depicted in
Fig. S2(d), in which the two resistors representing the
AgNW network and the graphene sheet are con-
nected in parallel. The sheet resistance of an AgNW
network changes when the network is placed under a
graphene layer, although its geometrical parameters
remain unchanged. Previous studies on graphene
and AgNW hybrid films reveal that the graphene
layers covering AgNW networks can reduce the
contact resistance between nanowires. A co-perco-
lating network is formed at the highly resistive
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nanowire junction, providing bypassing routes via
graphene [25-28]. The reduced contact resistance
between nanowires was determined by fitting the
calculated sheet resistance of the GPonAgNW net-
work to the experimental data.

3 Results and discussion

3.1 Fabrication of AgNW and GPonAgNW
flexible heater

In this study, the performances of GPonAgNW and
AgNW network films were studied and compared
under repeated deformation to explore the possibility
of using the networks in flexible heaters. Figure 2a—c
shows the SEM images of the AgNW and GPo-
nAgNW networks, respectively, in which the AgNWs
are uniformly distributed to form a percolation
network.

Figure 2b shows that CVD graphene was present
among the AgNWs over the entire film area although
it was torn at several points in the immediate vicinity
of the AgNWs as indicated by the white arrows in
Fig. 2c. The Raman spectrum of the graphene trans-
ferred onto SiO,/Si substrate was obtained to observe
the quality and number of graphene layers formed by
transferring monolayer graphene several times. As
shown in Fig. 2d, both four-layer CVD graphene
obtained by transferring monolayer graphene four
times and monolayer graphene exhibit excellent
crystallinity with no D peaks at ~ 1350 nm™ .
Monolayer graphene has a 2D peak at 2686 nm ™"
with a 39.8 nm™' full width at half maximum
(FWHM), observed in previous studies as well
[29, 30]. The position of the 2D peak in four-layer
graphene is almost same as that of monolayer gra-
phene, but its FWHM value of 47.5 nm~! is larger
than that of monolayer graphene, which means that
adjacent graphene layers had been decoupled from
each other [31]. The transmission spectra of the
GPonAgNW flexible heater, composed of a top PET
film, OCA, and a four-layer graphene-coated AgNW
network fabricated on a PET substrate, were obtai-
ned in the region with and without graphene,
respectively, as shown in Fig. S1. The optical trans-
mittances measured at a 550 nm wavelength were
39.9% and 47.6% for the AgNW network films with
and without four-layer graphene, respectively. The
77%  difference  between the two values
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Fig. 2 SEM images of a AgNW and b, ¢ GPonAgNW networks. White arrows in (c) show the graphene torn in the vicinity of the
AgNWs. d Raman spectra of monolayer and four-layer graphene transferred on SiO,/Si

demonstrated that four-layer graphene was success-
fully transferred onto the AgNW network by trans-
ferring monolayer graphene to it four times [32].

3.2 Performance comparison of AgNW
and GPonAgNW network flexible
heater

From Fig. 3a and b, the temperatures of the AgNW
network and the two- and four-layer CVD-graphene-
coated AgNW networks (GP2LonAgNW and
GP4LonAgNW networks, respectively) with DC
power applied can be compared. For the practical use
of flexible heaters, it is necessary to determine the
heating temperature as a function of resistance at a
given current, because the applied voltage varies
depending on the series resistance of the connected
circuit. Figure 3a shows that the film temperature for
a given current increases nearly linearly with the
resistance when a current between 0.3 and 0.8 A is
applied to the film. Here, the current level was
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determined to obtain a heating temperature below
the glass temperature of PET, i.e. 80 °C. For a given
applied current, the temperature of the GPonAgNW
network decreased as the number of coated graphene
layers was increased to 0, 2, and 4. Figure 3b shows
the temperature of the network as a function of the
applied DC power, and it indicates the dependence
of the temperature of the film on the number of
graphene layers coated. The temperatures of the
AgNW, GP2LonAgNW, and GP4LonAgNW network
films are close to one another in the low-power region
less than 2 W, independent of the number of gra-
phene layers used. However, the temperature dif-
ferences among the three films increase as the applied
power is increased. The temperature of the AgNW
network film is higher than that of the GP2LonAgNW
network film for any given power. The GP4Lo-
nAgNW network film has the lowest temperature
among the three films. Figure 3b shows that at an
applied power of 7 W, the approximate temperatures
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Fig. 3 Temperatures of AgNW, GP2LonAgNW and GP4LonAgNW network films plotted as functions of the a resistance at a fixed

current between 0.3 and 0.8 A and b applied DC power

of AgNW, GP2LonAgNW, and GP4LonAgNW net-
work films are 62, 56, and 53 °C, respectively.

Next, the temperature stabilities of AgNW and
GPonAgNW networks were tested by subjecting
them to repeated deformation. Figure 4a shows the
measurement setup used for measuring the temper-
ature at the centre of the film subjected to tensile
deformation through repeated bending. Film resis-
tances were also measured simultaneously to deter-
mine the structural changes that occurred in the
AgNW and GPonAgNW networks. Figure 4b shows
the temperature changes in AgNW, GP2LonAgNW,
and GP4LonAgNW network films during cyclic
bending up to 18,000 cycles and with an applied
power of 43 W. As the figure shows, with the
increase in the number of cycles, the temperature of
the AgNW network film increases rapidly until it
reaches its maximum value of 50 °C at 150 cycles and
then starts to drop abruptly as the number of cycles is
increased beyond 150. However, GP2LonAgNW and
GP4LonAgNW network films do not show any rapid
temperature changes and maintain their tempera-
tures without any failure at 50 and 47 °C, respec-
tively. The heating rates of AgNW, GP2LonAgNW,
and GP4LonAgNW network films measured using
the slope of the graph of temperature vs. time shown
in Fig. 4b were compared for different applied pow-
ers. As shown in Fig. 4c, the heating rate decreases as
the number of coated graphene layers is increased,
which can be attributed to the increase in the heating
areas of the networks caused by graphene and
increased heat dissipation to the surroundings that
takes place through the graphene with a high thermal
conductivity. Figure 4d shows the maximum
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temperatures of AgNW, GP2LonAgNW, and
GP4LonAgNW network films during cyclic bending
up to 18,000 cycles for different applied powers. The
temperature of each of the three films was higher
than that of the unstrained film indicated by the solid
line in the figure, apparently because of the increase
in the resistance of the deformed films. The temper-
ature of the GP4LonAgNW network film was the
highest among the temperatures of the three films.
The AgNW network film had the lowest temperature.
It is noticeable that the heating temperature of the
three films subjected to repeated deformation was
higher in the order of GP4LonAgNW, GP2Lo-
nAgNW, and AgNW network film, opposite to the
order of the non-deformed by the solid line in Fig. 4b.
For instance, the temperatures of the GP2LonAgNW
and GP4LonAgNW network films were 59 and 74 °C,
respectively, during cyclic bending and 52 and 48 °C,
respectively, when unstrained at an applied power of
6.3 W.

The cyclic lifetimes of AgNW, GP2LonAgNW, and
GP4LonAgNW network films are presented in Fig. 5a
and b as functions of the applied power and tem-
perature. In this experiment, cyclic bending was
performed for up to 18,000 cycles; the black dotted
lines in Fig. 5a and b indicate that the films did not
fail during repeated bending. As shown in Fig. 5a
and b, the AgNW network could be heated up to
48 °C at a power of 3.4 W without making it to fail;
however, the network broke up at 180 cycles when
the temperature was 51 °C and the applied power
was increased to 4.3 W. By contrast, the GP2Lo-
nAgNW network could be heated up to 58 °C up to
18,000 cycles without getting it to fail. However, it
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Fig. 4 a Experimental setup used for the in situ measurement of film temperature at the centre and resistance during cyclic bending of the
film b Temperatures of AgNW, GP2LonAgNW and GP4LonAgNW network films during cyclic bending at a DC power of 4.3 W ¢, d)
Heating rate and temperature of AgNW, GP2LonAgNW, and GP4LonAgNW network films during cyclic bending at different applied
powers. The solid lines in Fig. 4d, like those in Fig. 3b, show the temperatures of the unstrained films as a function of the applied power

failed at 8015 and 3420 cycles at an applied power of
6.2 and 7.7 W, respectively. The GP4LonAgNW net-
work could reach a maximum temperature of 70 °C
without failing at an applied power of 6.4 W but
started to fail as the temperature and applied power
were increased further. Consequently, the maximum
temperatures at which AgNW, GP2LonAgNW, and
GP4LonAgNW flexible heaters can be used without
any failure when subjected to long-term repeated
deformation are 48, 58, and 70 °C, respectively.
Next, the morphologies of the failed AgNW and
GP4LonAgNW network films were observed using
FE-SEM to determine the breakpoints of the two

films. As shown in Fig. 6a and b, the breakage of the
AgNW network film was concentrated around a few
nanowires and occurred within the contact areas of
nanowires and nanowire body. However, the break-
age of GP4LonAgNW network film was uniformly
distributed over its entire area rather than being
concentrated around a few nanowires as shown in
Fig. 6c and d. Additional images showing the
breakpoints in the AgNW and GPonAgNW network
films are presented in Fig. S3.

@ Springer
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Fig. 6 a and b SEM images showing the breakpoints of AgNW network films after they have failed and ¢ and d SEM images showing the

breakpoints of GP4LonAgNW network films after they have failed

3.3 Monte Carlo simulation of AgNW
and GPonAgNW network

Breakage behaviours of the AgNW and GP4Lo-
nAgNW network films were simulated using the
Monte Carlo-based numerical model. Figure 7 shows
the normalized electrical power distributions in the
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AgNW and GP4LonAgNW networks, representing
the heat dissipation in the networks. As indicated by
the white arrows in Fig. 7a and b, the highest power
generation is primarily concentrated along a few
nanowires, which means that the temperature of the
power-concentrated nanowires is higher than in
other parts of the film. Consequently, the nanowires
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Fig. 7 Representative
instances of the normalized
electrical power distribution
obtained from numerical
simulations: a and b AgNW
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are more susceptible to damage than the other areas.
As shown in Fig. 7c and d, the GP4LonAgNW net-
work film with low contact resistance between
nanowires has a relatively uniform power distribu-
tion, indicating that nanowire breakage occurred
over the entire area. Additional electrical power dis-
tributions of the AgNW and GP4LonAgNW net-
work films are shown in Fig. S4. The change in
electrical power distribution with contact resistance

can be attributed to the microscopically

inhomogeneous distribution of nanowires in the
percolating networks. When the contact resistance of
nanowires becomes a predominant factor in deter-
mining the sheet resistance of the AgNW networks,
the resistance values in each local area vary
depending on the morphology of the nanowire net-
work at the corresponding location. As a result, the
current is concentrated in the low resistance region,
causing some of the nanowires to generate higher
power. However, as the contact resistance becomes

@ Springer
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Fig. 8 Changes in the temperature (open red circle) and resistance (open black rectangular) of a AgNW, b GP2LonAgNW, and

¢ GP4LonAgNW network films during cyclic bending

comparable to or less than the inherent nanowire
resistance, the morphology dependency of the net-
work resistance decreases, allowing a homogeneous
current to flow through the entire network and pro-
viding a uniform power distribution. The histograms
in Fig. 7e indicate the distribution of generated
power at the contact between the nanowires in
AgNW and GP4LonAgNW, respectively, with the
majority of values falling between 10~'° and 107> W.
Comparing the histograms of AgNW and GP4Lo-
nAgNW, AgNW has a higher proportion of nanowire
contacts generating higher power than GP4Lo-
nAgNW. For instance, the percentage of contacts that
generate power higher than 107> W is about 45% for
AgNW, while 35% for GP4LonAgNW. Therefore, it is
expected that more junctions between nanowires will
be heated to higher temperatures in AgNW net-
works. The results are also consistent with the uni-
formly distributed breakpoints of nanowires in
GP4LonAgNW, as observed in SEM images of Fig. 3¢
and d.
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3.4 Real-time analysis of flexible heater
performance during cyclic bending

Figure 8a—c shows the temperature and resistance
changes that occurred in AgNW, GP2LonAgNW, and
GP4LonAgNW network films during cyclic bending
when a power of 3.4, 43 and 55 W was applied,
respectively. The AgNW, GP2LonAgNW, and
GP4LonAgNW network films that had not failed
were selected to compare the long-term stability of
each film temperature (Fig. S5). As shown in Fig. 8a,
the temperature of the AgNW network film increases
significantly with resistance as cyclic bending starts,
reaching its maximum value of 53 °C at approxi-
mately 2500 cycles, indicated by a red arrow. There-
after, it first decreases rapidly and then decreases
gradually to reach a stable temperature of 49 °C. In
Fig. 8b, the temperature and resistance of the
GP2LonAgNW network film also gradually decrease
after reaching their peak values at approximately
2500 cycles. However, unlike the resistance of the
AgNW network film, the resistance of the GP2LonAg
network film continued to increase gradually after
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producing a small peak at 2500 cycles. Meanwhile, as
can be seen in Fig. 8c, the temperature and resistance
of the GP4LonAgNW network film do not show any
peaks during cyclic bending. During cyclic bending,
the temperature of the GP4LonAgNW network film
remains almost same after reaching its maximum
value of 67 °C, despite the significant.

increase in the rate of resistance change, 4R/Ry,
from 0.05 to 0.14. In all three films, the increase in the
resistance at the onset of cyclic bending is due to the
increase in the resistivity of metallic AgNWs at high
temperatures. However, the rapid temperature drop
followed by a slight peak, observed in AgNW and
GP2LonAgNW network films, is probably caused by
the welding of AgNW contacts due to Joule heating
[33, 34]. The contact welding of AgNWs in AgNW
and GP2LonAgNW could enhance the heat and cur-
rent flows between nanowires, causing a decrease in
the temperature and resistance of network films.
Therefore, the high contact resistance between
AgNWs dominates the overall current and heat flow
in the AgNW and GP2LonAgNW networks. How-
ever, because four-layer graphene has a low resis-
tance that can provide current and heat flow paths
between AgNWs, contact welding of the AgNW
network by Joule heating hardly decreases the resis-
tance and temperature of the GP4LonAgNW network
film. The GP4LonAgNW network film heater does
not show any peaks in its resistance and temperature
during cyclic bending, indicating that the increased
resistance of AgNWs at high temperatures, rather
than the contact resistance between AgNWs, domi-
nates the overall current flow through the GP4Lo-
nAgNW network film. Thus, multilayer graphene of
low resistance is required to obtain long-term tem-
perature stability and extend the lifespan of a flexible
heater consisting of graphene and AgNW hybrid
structures.

In order to compare the heat transfer between
AgNW and GP4LonAgNW network heater, the two
heated shoe insoles were fabricated using an AgNW
network with a resistance of 12.7 Q and GP4Lo-
nAgNW network with a resistance of 12.3 Q, and
heated to 45 °C using a current of 0.6 A. Then, the
temperature distribution of two heated shoe insole
was measured at 1 min intervals using an infrared
camera (Fig. S6). As a result, it was observed that the
temperature of the GP4LonAgNW network is some-
what uniform in the hot region after being stabilized
for 3 min, whereas the AgNW network exhibits a
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nonuniform temperature distribution, adding to the
temperature gradient even after the temperature has
stabilized by 5 min (Fig. 56 (b) and (c)). This indicates
rapid heat transfer and dissipation through the gra-
phene layers coated on the AgNW network.

4 Conclusion

In this study, we demonstrated the performance
enhancement of flexible heaters fabricated using
graphene and AgNW networks by coating multiple
graphene layers on AgNW networks. The operable
heating temperature of the heaters during cyclic
deformation increased to 76 °C at an applied power
of 8.1 W when four graphene layers were coated on
the AgNW network; however, the graphene-free
AgNW network failed under the same conditions.
The lifetime of the AgNW heater under cyclic
deformation was also significantly extended by
coating four layers of graphene on AgNWs, enabling
a stable temperature of 70 °C without failure for more
than 18,000 cycles. The results of the structural anal-
ysis conducted through SEM and Monte Carlo sim-
ulations indicated that the reduction in the contact
resistance between AgNWs using a graphene layer
could suppress the number of hot spots and power
generated at the contact between the nanowires, thus
imparting long-term stability. The GPonAgNW flex-
ible heater showed a high-performance reliability
with a temperature change within 2 °C, despite the
resistance increasing by a factor of 2 during cyclic
deformation over 18,000 cycles.
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