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Abstract

Towards emerging electric heaters for wearable electronics, actuators and high-performance heating systems, various
properties including flexibility, low actuation voltage, rapid response, facile adaptability, thermal and mechanical stability
are highly desired. Herein, a high-performance heater based on commercial conductive silver paste is proposed, through
quite simple scrape coating, painting and pen writing. Benefiting from its excellent viscosity, the silver paste can be firmly
coated on a variety of substrates, even including hydrophobic and oleophobic polytetrafluoroethylene and cotton thread
of high curvature. After curing the silver paste, the silver nanoflakes inside are encapsulated in a polymer framework and
are closely interconnected, forming a reliable conductive network with low sheet resistance (minimum 0.18Q/sq). This
structure protects the silver nanoflakes from oxidation and provides this flexible silver heater (FSH) excellent thermal and
mechanical stabilities, as demonstrated by long-time heating, cyclic heating and multiple deformation tests. The FSH
achieves high surface temperature (280 °C) at a low operation voltage (2 V), with rapid thermal response time (less than
7 s). The application demonstrations of FSHs in custom-shaped wearable heaters and heating patterns, thermal therapy,
flexible heating thread and thermal switch suggest the distinct advantages of FSHs in flexible and wearable devices.

Keywords Electric heater - Silver paste - High-performance - Rapid response - Facile adaptability

1 Introduction

Electric heaters based on Joule thermal effect of electric
conductors have been used in local heating for over a
century. Nowadays, the development of flexible conduc-
tive materials injects new vitality to the Joule effect based
heaters. Personal and industrial applications of electric
heaters include wearable devices [1-3], personal thermal
management [4-6], soft actuators [7, 8], drug release [9],
defrosting [10-13], thermochromic display device [14] and
industry heating system [15].

The future development of emerging flexible heat-
ers puts requirements on flexibility, transparency,
rapid response, low actuation voltage, high heating

temperature, facile adaptability, mechanical and thermal
reliabilities [16-19], which always rely on the low electrical
resistance, high thermal conductance, size scale, robust
mechanical properties and thermal stability of materials.

Conventional metals with high electrical and thermal
conductivities are efficient for traditional heaters. How-
ever, the mechanical stiffness and poor adaptability limit
their application in emerging flexible heaters. Indium tin
oxide (ITO) film has been used as a transparent conductor
for decades of years. However, ITO film is not available for
wearable or rapid response heater due to its brittleness
and low thermal conductivity. In this case, a variety of
nanomaterials and their structures have been employed
to solve the issues mentioned above, including carbon
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nanotubes (CNTs) [20, 21], graphene [22, 23], 2D transi-
tion-metal carbide [10], metal meshes [24, 25], conduc-
tive polymers [26, 27], metal nanowires [28-31] and their
mixtures [18, 32-35]. Owing to high electrical conductivity
and excellent mechanical properties, CNTs and graphene
have been first explored in the application of flexible heat-
ers. Zhang et al. reported a graphene-based heater [22],
which reached steady-state temperature 247.3 °Cin 20 s
at 18 V actuation voltage. After folding the heater for 100
times, the output temperature remained precisely con-
trolled. They demonstrated its application in flexible and
custom-shaped heaters. Kim et al. prepared a CNT-based
heater using solution processing. The heater produced
over 100 °C temperature at 7 V supplied voltage [20]. A
heater based on the hybrid of graphene and CNTs was also
reported [36], achieving 85 °C maximum temperature at
12V actuation voltage. 10,000 bending cyclic tests sug-
gested the excellent mechanical and thermal stabilities of
this heater. However, carbon nanomaterials-based heaters
all suffer from high actuation voltage due to relative high
electrical resistance. For about 100 °C surface tempera-
ture, carbon nanomaterials-based heaters always need
4 ~20V actuation voltage and 20 ~40 s heating time to
achieve this temperature [17, 22, 37, 38]. Towards safe and
biological applications, flexible heaters with lower actua-
tion voltage (<5 V) are desired, which promote the rise of
nanometallic materials-based heaters.

Silver nanowires are promising elements for flex-
ible heaters due to much lower electrical resistance of
networked silver nanowires compared to CNTs and gra-
phene. By embedding silver nanowires into thin polyvinyl
alcohol (PVA) film and cold-pressing them to adjust their
sheet resistance, Lan et al. fabricated a flexible heater with
sheet resistance of 26Q2/sq [28]. The temperature of this
heater reached 74 °Cin 20 s at a bias of 5V and showed
excellent stability after being kept at the environment
with 80 °C temperature and 80% humidity for half a year.
Jang et al. spin-coated silver nanowires on a PET substrate
and obtained a heater with 1.3€2/sq sheet resistance. The
temperature of this heater reached 250 °C at 4.5 V sup-
plied voltage [39]. In addition to silver nanowires, copper
nanowires were also developed to fabricate much cheaper
and more stable flexible heaters. A transparent copper
nanowire-based heater reported by Tian et al. attained
50°Cat 5V actuation voltage [30].

In general, high temperatures (maximum 200 ~ 260 °C)
induced at low voltage (2.5 ~4.0 V) for silver nanowires-
based heaters are acquired [16, 39, 40]. Even so, silver
nanowires-based heaters are faced with three problems:
(1) Surface oxidation of silver nanowires at high tempera-
ture. (2) Low melting point of silver nanowires. (3) Weak
interface adhesion between silver nanowires and sub-
strate, making them picky about the substrate.
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To solve these problems, efforts to pack silver nanow-
ires insider more thermally stable materials, or to mix
silver nanowires and substrate together as a whole, have
been done. Zhou et al. fabricated a flexible heater based
on Ag@Pt alloy-walled hollow nanowires to achieve high
thermal stability at 400 °C for 11 h and mechanical stabil-
ity with 5000 cycles bending, but the fabrication process
was complex with a cost of noble metal [41]. Tian et al.
developed a tri-layer rGO/Ag nanowire/GO composite
film, preventing silver nanowires from oxidation [35]. The
tri-layer film-based heater can reach 148 °C with highly
thermal stability during cycling heating and long-time
working (>5 h). Ma et al. proposed a heater by mixing sil-
ver nanowires and aramid nanofibers together through
vacuum filtration and hot-pressing [16]. The heater
showed sufficient heating reliability and stability dur-
ing long-time and repeated heating. These methods are
effective but make the fabrication process complicated.

Conductive silver paste is a commonly used material
in electronic industry, which is usually used to repair the
electrical circuit and is user-friendly. The commercial sil-
ver paste contains silver nanoflakes, resin, curing agent
and addiction agents. The excellent viscosity of resin
makes the silver paste can be coated on a majority of
substrates, including super hydrophobic or oleophobic
materials such as polytetrafluoroethylene (PTFE), which
will be discussed later. Moreover, the silver paste can be
painted on any object, no matter what the shape and
texture are. This character benefits the free customiza-
tion of heaters. After curing at low temperature, a frame-
work encapsulating the silver nanoflakes inside will be
formed due to the polymerization of resin monomer.
This framework closely packs the silver nanoflakes and
protects them from oxidation during heating process.
In this research, we use commercial conductive silver
paste as ink to directly paint, or draw, or write conduc-
tive films and flexible silver heaters (FSHs) by one step on
a variety of flexible substrates, demonstrating the shape
and substrate adaptability of the heaters. The substrates
include polyimide (P1), polyethylene terephthalate (PET),
PTFE, polyvinyl chloride (PVC), paper, glass and cotton
thread. These heaters achieve high surface temperature
(280 °C) at low actuation voltage (2 V), with rapid ther-
mal response time (less than 7 s), excellent mechanical
and thermal stabilities (> 800 cyclic bending and 4 h
heating). The preparation process needs no special treat-
ments. Except for the curing process (about 20 min), we
can prepare a FSH in 1 min. The potential applications
for FSHs in wearable devices, personal thermal manage-
ment are demonstrated. A thermal switch based on the
heater using PTFE film as substrate is designed.
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2 Experimental section
2.1 Preparation of FSHs

The silver paste used in this research was purchased from
SINWE Corporation, which contains effective silver paste
and thinner. Their mass ratio is 1: 0.7. The density of the
silver paste is 2.0 g/cm>. The contents of silver nanoflakes,
epoxy resin, amine curing agent, butyl acetate and other
additional agents in effective silver paste are 75%, 12%,
2%, 8% and 3%, respectively. The silver paste was first filled
into injectors and pens, which were prepared for paint-
ing or drawing FSHs. Then, we dropped a small amount
(0.01~0.025 mL) of silver paste onto a 2 cm x 2 cm flex-
ible substrate, including PI, PET, PVC, PTFE, glass and paper
substrates. After that, we used a plastic blade to scrape the
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Fig. 1 a Preparation schematic of FSH using scrape coating. b The
words “Flexible Silver Heater” written on a common paper using a
homemade silver paste pen. ¢ Conductive silver grid drawn by the
silver paste pen. d Partially enlarged photograph and e microscope
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silver paste to form a film, which was then cured at 80 °C
for 20 min. Then, a FSH was obtained. Except for scrape
coating, we can also directly write or draw a conductive
film using silver paste pen. The preparation process is
schematically illustrated in Fig. 1.

2.2 Electrothermal characterization of FSHs.

We used a DC power source (HITECH -IT6922A) to supply
DC voltage (current) to FSHs and measured their electrical
resistance simultaneously. Commercial copper tapes were
attached to FSHs as connection electrodes. After applying
0.1 ~2.5V heating bias to FSHs, an IR thermal meter (Fluke
62 max*) and an IR thermal Imager (HIK Vision, H10) were
used to measure the temperature and its distribution on
FSHs.

Plastic Blade
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image of this conductive grid. f Photographs of FSHs prepared
using five typical flexible substrates, including PET, PI, paper, glass
and PTFE substrates. g Relationship between the sheet resistance
of FSHs prepared on Pl substrates and the thickness of silver film
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3 Results and discussion

3.1 Morphology, microstructure and resistance
of scrape-coated FSHs

Figure 1a shows the schematic illustration of preparing
FSH by scrape coating. At first, 0.01 ~0.025 mL silver
paste was squeezed out onto a 2 cm x 2 cm square flex-
ible substrate gradually to form a line, with the help of
an injector. Then, a plastic blade was employed to scrape
the silver paste line gently. When a uniform film was
formed, the blade was removed. After scrape coating, a
curing process was carried out to form a solidified FSH.
Two different curing methods were employed, which
are room temperature (RT) curing for 24 h and 80 °C
curing for 20 min. Figure 1f presents the FSHs prepared
on five typical flexible substrates using 0.025 mL silver
paste, which are PET, P, paper, glass and PTFE substrates.
Although the five substrates have quite different surface
energy, uniform and reliable silver films are formed on
all substrates, benefiting from the excellent viscosity of
epoxy resin in silver paste. The epoxy resin enhances the
adhesion strength between silver film and substrate,
making the silver film shape and substrate adaptable.
In addition to the five substrates-based FSHs mentioned
above, PVC and cotton thread-based FSHs were also pre-
pared, which will be discussed later.

The volume of silver paste droplet determines the
thickness of the silver film after curing process. Figure 1g
reveals the relationship between the sheet resistance of
Pl-based FSHs and the thickness of silver films. With the
thickness increasing from 1 to 2um, the sheet resistance
decreases rapidly from 2.5 to 0.2Q/sq. The formation of
silver film is a balance between the internal force of sil-
ver paste and the interfacial adhesion. When the volume
of silver paste droplets is less than 0.01 mL(0.0025 mL/
cm?), the formed silver film is not continuous, leading
to nonconductive film. When the volume is larger than
0.025 mL (0.00625 mL/cm?), the silver paste will be too
redundant for scrape coating. To obtain smaller sheet
resistance, we can employ layer by layer coating. Accord-
ing to this result, we can estimate that the required vol-
ume of silver paste for fabricating a 0.01 m? heater (the
size of a commercial hot pack) with 0.5€/sq sheet resist-
ance is about 0.5 mL.

Other than scrape coating on various substrates, we
can also use the silver paste as conductive ink to write
conductive paths. The viscosity of the silver paste used
in this research is about 20,000 CPS. The drawn patterns
will be conductive when the pen ballpoint is larger
than 8 mm. Figure 1b presents the words “Flexible Sil-
ver Heater” written by a homemade pen using the silver
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paste as ink. Figure 1c shows a conductive grid drawn by
this homemade pen. Figure 1d and e shows the partially
enlarged photograph and a microscope image of this
conductive grid. The line width is about 7.5+0.8 mm,
with line resistance of 182 +43 ©Q/cm measured at dif-
ferent positions. The line width and resistance of these
drawn patterns are not uniform. To reduce the line resist-
ance and improve the uniformity, we can adopt repeated
writing, or use a pen with larger ink pump capacity.

We used an X-ray photoelectron spectroscopy (XPS,
Thermo Fisher Scientific, ESCALAB 250XI+) and a scanning
electron microscope (SEM, Hitachi SU8220) to characterize
the morphologies and chemical structures of silver films.
Figure 2d shows two SEM images of the silver films formed
on Pl substrates. The silver film is made up of stacked silver
nanoflakes and the polymer binding them together. The
lateral size of the nanoflakes is about 0.5 ~ 3um.The film
thickness is about 2um, as measured from Fig. 2f. Figure 2a
shows the wide scan XPS spectra of the silver films cured at
RT and 80 °C. For the silver film cured at RT, five silver peaks
can be observed, which consist of one Ag 4p peak, two Ag
3d peaks and two Ag 3p peaks.C 15,0 1sand N 1 s peaks
can also be observed. However, after heating at 80 °C for
20 min, the Ag peaks and N peak almost disappear and
two silicon peaks arise. We attribute this difference to the
polymerization of epoxy resin and silicone coupling agent
in the silver paste at 80 °C.

The first step of the curing process is the volatilization of
thinner. Then, the epoxy bonds will be broken and trans-
form into hydroxide radicals with the help of amine curing
agent. This process can be accomplished at RT, resulting
in low molecular weight polymerization. At this state, the
polymer still has fluid nature to some extent. Thus, for the
silver films cured at RT, a mass of silver nanoflakes could
be exposed during XPS measurement, resulting in high
silver peaks in XPS. The peak of C 1 s for RT cured silver
films consists of three types of carbon bonds, which are
C-C bond, C-0 bond and C=0 bond. C-O bond comes
from the epoxy group and hydroxide radical. C=0 bond
comes from the non-volatilized thinner.

At relatively higher temperature, further polymerization
is proceeded. The molecules with hydroxide radicals com-
bined with each other, through the broken of hydroxide
radicals and the formation of reticular C-O-C bonds. This
polymerization process produces a polymer framework
and closely packs the silver nanoflakes in this framework
[42]. The silver flakes are encapsulated in the polymer
framework, which results in the disappearance of the Ag
peaks while XPS only represents the surface chemical
information within 5 nm depths. While the epoxy groups
and hydroxide radicals on the surface transform into inner
reticular C-O-C bonds, the content of C-O bondsinC1s
peak decreases. The content of C=0 bond also decreases
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Fig.2 a XPS wide scan spectra of silver films. High-resolution XPS
spectra of C1s for the silver films cured at b RT and ¢ 80 °C. d SEM
images of the silver films on Pl substrate. e High-resolution SEM

with the volatilization of thinner. From the SEM image of
the RT cured silver film in Fig. 2e, an organic membrane
between the silver nanoflakes can be observed, which may
consist of non-volatilized thinner and unpolymerized mol-
ecules with epoxy groups or hydroxide radicals. For the
80 °C cured silver film, this type of membrane between
silver nanoflakes almost disappears.

With the formation of the polymer framework during
curing process, the thickness of silver film decreases and
the interconnection between silver flakes becomes closer
and closer. As consequences, more conductive paths and
lower sheet resistance are acquired. For the RT cured sil-
ver films prepared using 0.025 mL silver paste droplet, the
sheet resistance ranges from 1~2 Q/sq. After 80 °C cur-
ing for 20 min, the sheet resistance decreases to about
0.2 Q/sq. The framework of epoxy resin encapsulates and
fixes the silver nanoflakes, protecting the silver flakes from
oxidation and maintaining the stability of conductive paths.
These characteristics make the silver film thermally and

288 292 296 280 284 288 292 296
Binding Energy (eV)

Binding Energy (eV)

images to address the difference of the silver films cured at RT and
80 °C. f SEM images of the cross-section of the silver film on Pl sub-
strate

mechanically stable, which help to extend the service life
of FSHs.

3.2 Electrothermal characterization of FSHs

After scrape coating silver films on flexible substrates, we
used a DC power source to investigate the Joule heating
behavior of FSHs, as shown in Fig. 3a. Copper tapes were
used as connection electrodes. 0.1~2.5V bias was applied
to FSHs. An infrared thermometer was used to measure the
surface temperature of FSHs. According to energy conserva-
tion law, the heat generated by Joule heating is equal to the
dissipated heat, which involves three main processes: heat
absorption, heat convection and heat radiation. The govern-
ing equation can be described as [3],

apc,T) 2 h eo(T* =T
-2 _TT_ N 1
ot rad ~ ! "o d W
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Fig.3 a Schematic illustration of electrothermal characterization
for FSHs. b The relationship between current-induced tempera-
ture rise (7) and supplied voltage (U?) of a Pl-based FSH sample
(sample 1) before and after encapsulation. ¢ T-U? curves of six FSH
samples with different sheet resistance. d T-U? curves of five FSH
samples with sheet resistance smaller than 0.5 Q/sq. e Relation-

where p, ¢, A, d, e and R are the mass density, specific heat,
area, thickness, effective heat emissivity and electrical
resistance of FSH, respectively. U is the supplied heating
bias. T and T, are the surface temperature of FSH and the
environmental temperature, respectively. h is the convec-
tive heat-transfer coefficient. ¢ is the Stefan-Boltzmann
constant. In the air, heat convection between FSH and air
dominated the heat dissipation. The temperature of FSHs
in this research is lower than 600 K. By this temperature,
the influence of heat radiation is estimated to be less than
0.5%. Thus, the item of heat radiation can be neglected.

The heat conduction equation is simplified into,
d(pcpT) U2 h
— P _ 2 _ T - 2

ot Rad —dl "o @

Then, the time-dependent temperature can be derived
as,
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ship between the slope (k) of T-U? curves for the six FSH samples
in (c) and their sheet resistance. f Temperature evolution with time
of sample 1 at different supplied voltages. g IR thermal images of
sample 1 after supplying 2 V bias for 0, 2 and 5 s. h Step, i cyclic and
j long-time heating tests of sample 1

U2
T=T 4 (1 — e~(h/rdcy)t 3
0 RhA( ) (3)
With time increasing, the temperature of FSH becomes
saturated. The temperature rise at saturation stage is
expressed as,

U2

(4)

That is, the temperature rise (AT) is proportional to
U? and h™', when the resistance and area of FSH are two
constants.

Figure 3b shows the relation between Joule heating
induced temperature (T) and U? of a Pl-based heater (sam-
ple 1). The sheet resistance of this FSH sample is 0.4 Q/sq.
There are two temperature rising curves, corresponding
to the sample before and after encapsulation. Compared
to the unencapsulated heater, the encapsulated heater
is covered by a flexible substrate on the surface, forming
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a substrate-silver film-substrate sandwich structure. This
flexible substrate is acted as a heat shield, which helps
to reduce the heat convection between the heater and
air, increasing the temperature at 2 V from 140 to 280 °C
dramatically.

Each curve has two linear regions, with a turning point
around 110 K. This turning point may be attributed to
the change of the electrical contact between connection
electrodes and the silver film, which may be ascribed to
the thermal expansion of substrate under high tempera-
ture. The slope of the linear curve is 1/hRA. The slopes of
these four regions are named k, ko, k,;and k,, which are
marked in Fig. 3b. The values of these four slopes are 93,
51,37 and 20 °C/V?, respectively. As the resistance and the
area of the FSH sample are invariable, it is calculated that
the convective heat-transfer coefficient (h) is reduced by
60% after encapsulation.

Figure 3c shows the linear T-U? curves of six unen-
capsulated FSHs with different sheet resistance
(0.43 ~ 2.35Q/sq). At a fixed bias, the induced tempera-
ture increases with sheet resistance reducing. However,
for the FSHs with sheet resistance smaller than 0.5Q/sq,
there is no obvious difference in T-U? curves for different
FSH samples, as shown in Fig. 3d. That could come from
the limit of coating technique and the measurement error
of our resistance meter, which needs further research. The
T-UP curves can be fitted into a uniform formula, expressed
asT = 35.5U? 4 23.5(°C). Figure 3e shows the slope (k) of
the six T-U? curves in Fig. 3c. With sheet resistance increas-
ing from 0.43 to 2.35 Q/sq, k decreases linearly. The linear
relation is expressed as k = 39.65R — 10.67 (°C/V?). As k iis
equal to 1/hRA, the convective heat-transfer coefficient h
can be expressed ash™' = 0.016R? — 0.004R.Thus, h is not
a constant, but varies with the sheet resistance of FSHs.

Figure 3f shows the temperature evolution with time
for sample 1 at different supplied voltages (0.2~2 V). At
t=0s, a bias was fed onto the FSH sample, then the tem-
perature increases exponentially as Eq. (4) describes. The
time for the FSH achieving almost stable temperature is
less than 7 s, which is quite fast among the similar heat-
ers as we know. At different supplied voltages, the tem-
perature evolutions take almost the same time to reach
stability. At t=25 s, the supplied voltage is cutoff, then the
temperature of the FSH decreases down rapidly. Figure 3g
shows us the infrared (IR) thermal images of sample 1 dur-
ing heating. The square in the images is sample 1. At t=0s
without heating, the temperature of the sample is a little
lower than environmental temperature. After supplying
2V bias, the maximum temperature on the sample reaches
80°Cin 2sand reaches 130 °Cin 5 s. Uniform temperature
distribution on the sample’s surface can be observed. Fig-
ure 3h shows the step tests of sample 1. Step voltage from
0.2 to 1.8V with 0.2V step is fed to the sample. Every step

lasts for 20 s. Stable and clear temperature steps can be
observed. At a same supplied voltage, the temperature of
the descending stage is only 1 ~2 °C higher than that of
the ascending stage. This result demonstrates the rapid
response and the excellent controllability of the FSH.

Figure 3iis the cyclic test results of sample 1 under 1.4V
bias. The period of the supplied voltage is 40 s. During the
20 cyclic heating tests, the maximum temperature of each
cycle ranges from 93 to 100 °C, while the minimum tem-
perature of each cycle keeps stable around 34 °C. Figure 3j
demonstrates the thermal stability of the sample under
long-time heating. During 4 h heating tests, the tempera-
ture of the sample keeps around 91 °C very steadily.

In Table 1, we compare the heating performance of FSH
with the heaters achieved in previous studies with differ-
ent materials. When the temperature rise is related to
actuation voltage and heater area, we use heat efficiency
(AT x A/U?) to describe the heating ability. As presented
in the table, the silver paste-based heater in our work show
outstanding heating performance, benefiting from the
excellent electrical and thermal conductivity.

Flexibility is an important indicator for FSH. We meas-
ured the performance of FSH under different degrees of
bending and repeated bending. Figure 4c shows a PET-
based FSH sample (sample 2) fixed on a sliding rail. The
sheet resistance and the area of the sample are 1.8 Q and
2.0 cm x 5.1 cm, respectively. The supplied voltage is 2 V.
The FSH can be bent to different degrees. Figure 4d pre-
sents the IR thermal images of sample 2 bending to dif-
ferent degrees, while a slight temperature rise of the FSH
under bending is observed. Figure 4a shows the change
of maximum surface temperature of sample 2 and its elec-
trical resistance change under different degrees of bend-
ing. The AL/Ly(L/Ly = 1 —L/Ly) in Fig. 4a means the
relative distance change during bending tests between
the two fixed ends shown in Fig. 4c. The resistance of the
FSH remains exactly unchanged under bending, but the

Table 1 Properties of flexible heater using different materials

Nanomaterials Heat effi- Response  Reference
ciency(°C time(s)(~)
cm?/V?)
Graphene 50.2 30 [15]
PEDOT Coated Cotton 0.56 20 [6]
PEDOT 434 200 [26]
GuZr Metallic Glass 12.65 70 [12]
Copper Fiber 3.07 70 [13]
Metal Meshes 2.62 15 [24]
MXene (Ti;C,Tx) 2.64 45 [10]
Ag Nanowire/Aramid Fiber 224 15 [16]
Silver Paste 255 7 This Work
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ple (sample 2) under different bending degrees. b Electrical resist-
ance and temperature change of sample 2 under cyclic bending. ¢

maximum temperature of the FSH increases from 73.6
to 76.2 °C when the distance between the fixed ends
decreases by 50%. We attribute this slight temperature rise
to the closeness of the left and the right half parts, which
helps to reduce the heat convection.

Figure 4b shows the stable resistance and tempera-
ture of sample 2 under cyclic bending. During the 800
cyclic bending tests, the initial resistance (the resistance
of the FSH when the sample is straight without bending)
of the sample remains exactly unchanged. The tempera-
ture shows 1.2 °C float around 73.6 °C and no tendency to
increase or decrease is observed. This float may come from
our measurement error. In addition, the flexibility of the
heater has not shown any observable change during the
long-time cyclic tests. Cyclic bending tests demonstrate
the excellent flexibility, thermal and mechanical stabilities
of FSHs.

3.3 Applications of FSHs: demonstration
of the facile adaptability

Towards practical applications, flexibility, shape adaptabil-
ity and low operation voltage are required. Figure 5 shows
some typical applications of FSHs. Above discussions have
demonstrated that the FSH can be operated at the voltage
below 2 V. Here, we use 1.5V as operation voltage, which
is equal to the voltage of a commercial battery. Benefiting
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Photograph of sample 2 and apparatus for bending test. d IR ther-
mal images of sample 2 under different bending degrees, where
the supplied biasis 2V

from the excellent viscosity of epoxy resin, the silver paste
can be painted on most of the common substrates and
painted into custom-shaped patterns as well. The left
image in Fig. 5a presents a pattern of the abbreviation of
our university on a common paper (GuangXi University)
written by the silver paste, where we draw a dashed line
to make the pattern clear. Using copper tapes as connec-
tion electrodes, we applied a 1.5V bias to the pattern. The
right image in Fig. 5a is the IR thermal image of the “GXU”
pattern, where a maximum 99.3 °Cis obtained. The nonu-
niform thermal pattern is a result of nonuniform resist-
ance distribution. Nevertheless, this result demonstrates
the superior adaptability of using silver paste to fabricate
flexible heater.

Figure 5b presents the application of FSHs in thermo-
therapy. We use a medical adhesive patch as substrate to
fabricate FSH. After painting the silver paste on it, the flex-
ibility of the patch is barely affected. It can be attached to
the body perfectly. We applied a 1.0 V operation voltage
to this patch using copper tapes as connection electrodes.
Fairly uniform temperature distribution is acquired and the
maximum temperature of this FSH is 49.3 °C at this opera-
tion voltage. We do not use 1.5V as operation voltage here
is because the induced temperature at 1.5V of this heater
is too hot for human skin (around 85 °C).

For the FSHs in Figs. 5c and d, we adopted PVC as sub-
strate, due to its ultra-soft texture which makes it skin
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Fig.5 a Photograph and IR thermal image of a “GXU” pattern
painted using silver paste. b Photographs and IR thermal image of
a medical adhesive patch based heater for thermal therapy. IR ther-
mal images of c a ring-shaped heater and d a wristband-shaped

conformable. Figure 5c shows a ring-shaped heater. Under
1.5V operation voltage, its surface temperature is around
57 °C. Figure 5d shows a wristband-shaped heater. The
temperature of this heater reaches 52 °C at 1.5 V operation
voltage. The two temperature values are suitable for wear-
able devices to relieve pain and stiffness, which always
need 41-77 °C heating temperature. Except for bending,
the FSH can be also twisted, as shown by the FSH sample
in Fig. 5f. The heater’s temperature keeps around 100 °C
at 1.5 V during twist and shows no temperature degra-
dation after repeated twist. The resistance of the heaters
mentioned above is ranged from 1 to 3 Q. If we take 50 °C
as suitable temperature for human, then an ordinary com-
mercial No. 5 battery with 2500 mAh capacity can support
these heaters by 1.6 ~5.0 h.

Except for the coating on a planar substrate, we can
also coat the silver paste on high curvature surface, such

heater before and after supplying 1.5 V voltage. e A conductive
thread prepared by coating silver paste on cotton thread and its IR
thermal images when it is straight or rolled up. f IR thermal image
of a twisted heater at 1.5 V bias

as cotton thread, which can be easily accomplished by
immersing the cotton thread into silver paste. After coat-
ing and curing processes, a flexible conductive thread
with line resistivity of 0.57 Q/cmis obtained. The original
diameter of the thread is about 0.8 mm and increases by
about 0.04 mm after coating. The left image in Fig. 5e
shows the photograph of a light-emitting diode (LED)
driven by a DC voltage using this silver thread as con-
ductive wire. When we applied a 1.5V bias to this 8.5 cm
long thread, a 63.6 °C maximum surface temperature
is obtained, as shown in the middle image of Fig. 5e.
Compared to similar heaters as reported, the actuation
voltage of this silver conductive thread for producing
approximate temperature is reduced by one order [10].
The silver conductive thread maintains the excellent flex-
ibility of cotton thread. As shown in Fig. 5f, we roll the
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thread heater up and its surface temperature slightly
increases to about 66 °C at the same 1.5V bias.

3.4 Thermal switch based on FSH

As mentioned above, the substrates used for fabri-
cating FSHs in this research include hydrophobic and
oleophobic PTFE film. In addition to the hydrophobicity
and oleophobicity, high thermal expansion coefficient
is another characteristic of PTFE film. Using a heating
platform, we measured that the length expansion of
the PTFE film used in this research reaches 2% at 100 °C.
Thus, we can use Joule heating to control the thermal
expansion of PTFE-based FSHs. From this basic point, we
designed a thermal switch using this PTFE-based FSHs.
As shown in Fig. 6a, we coat silver paste on the both
sides of a PTFE film. The silver film on one side is used
as heating layer, while that on the other side is used as
connecting electrode of the switch. The side used as
heating layer is attached firmly onto a rigid substrate
with a hole in the center. Thus, the part of film aligned to
the hole is not fixed. When we apply a bias to the silver
heating layer, the part aligned to the hole will bulge due
to thermal expansion. We fabricated two identical struc-
tures and fixed them together face to face, with a small
gap (about several tens of micrometers) between them.

(8) Unheated
: Rigid Substrate
Hole

B [

Silver Film
Thermal Expansion Film

Heating Silver Layer Side View

Thermal Expansion Layer
$ Connection Silver Layer

Before applying any bias to the heating layer, the con-
necting layers of the two parts are separated. The switch
is on “OFF” state. When we apply a bias to the two parts
simultaneously, the parts of the PTFE films aligned to
the holes will bulge and make the two connecting layers
contact to each other. Then, the switch is on “ON”" state.

We used a LED to express the state of the switch. When
we apply a voltage to heat the switch, the LED is lighted
up, as shown in Fig. 6b. When the switch is on “On” state
(applying a 1.5V heating voltage), the temperature of the
PTFE film is about 67 °C, as illustrated in Fig. 6d. Figure 6d
presents the current evolution of the switch circuit during
the process of applying and withdrawing heating voltage.
At first, the current is zero, indicating the “OFF” state of
the switch. At t=12s,a 1.5V bias is supplied to the heat-
ing layer. After 5 s delay, the switch circuit is on. The bias
applied to the switch circuit is also 1.5 V. Upon heating, the
resistance (current) of switch circuit decreases (increases)
rapidly due to the closer contact of the two connecting
electrodes. At t=40 s, the heating voltage is withdrawn.
After 4 s delay, the resistance of the switch circuit begins
to increase and becomes infinite after 27 s delay when the
connecting layers are separated again. The switch shows
stable performance during several heating and cooling
cycles. After repeated thermal expansion and contraction,
the resistance and the induced temperature of the heating

-

Bl codoce  Elechode
1

Switch Circuit

Fig. 6 a Schematic illustration of the thermal switch. b Photograph
of the thermal switch before and after applying heating voltage.
The LED is lighted up after applying heating voltage. ¢ IR thermal
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layers remain unchanged. The FSH can be a feasible and
reliable element for new type switches and actuators.

4 Conclusions

In this paper, a substrate and shape adaptable, thermally
and mechanically stable, rapid response flexible heater
with high performance based on commercial conduc-
tive silver paste is proposed and investigated. Due to the
excellent viscosity of epoxy resin, the silver paste shows
facile adaptability. It can be coated, painted, or written
into desired shapes on a variety of substrates by a simple
step. The used substrates include PI, PET, PVC, common
paper, glass, oleophobic and hydrophobic PTFE and high
curvature cotton thread. The polymer framework formed
by curing the epoxy resin provides protection for the silver
nanoflakes sealed inside and invests excellent thermal and
mechanical stabilities to the FSHs, which are demonstrated
by cyclic heating, long-time heating, cyclic bend and twist
tests. The surface temperature of a FSH with sheet resist-
ance of 0.4 Q/sq reaches 280 °C at a low actuation volt-
age of 2V, which is prominent in reported heaters. FSHs
show rapid thermal response, with response time less than
7 s. The rapid response and the slight temperature differ-
ence (within 2 °C) between the ascending and descending
heating stages demonstrate the excellent controllability
of FSHs. The application demonstrations of FSHs in ring
or wristband-shaped wearable heaters, thermal therapy,
custom-shaped heating patterns, flexible heating thread
and thermal switch suggest the distinct advantages of
FSHs in flexible and wearable devices.
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